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Advancements in the microelectronics industry have brought increasing performance
and decreasing prices to a wide range of users. Conventional silicon-based electronics
have followed Moore’s law to provide an ever-increasing integrated circuit transis-
tor density, which drives processing power, solid-state memory density, and sensor
technologies. As shrinking conventional integrated circuits became more challenging,
researchers began exploring electronics with the potential to penetrate new appli-
cations with a low price of entry: “Electronics everywhere.” The new generation of
electronics is thin, light, flexible, and inexpensive.
Organic electronics are part of the new generation of thin-film electronics, rely-
ing on the synthetic flexibility of carbon molecules to create organic semiconductors,
absorbers, and emitters which perform useful tasks. Organic electronics can be fab-
ricated with low energy input on a variety of novel substrates, including inexpensive
plastic sheets. The potential ease of synthesis and fabrication of organic-based de-
vices means that organic electronics can be made at very low cost. Successfully
demonstrated organic semiconductor devices include photovoltaics, photodetectors,
transistors, and light emitting diodes.
Several challenges that face organic semiconductor devices are low performance
relative to conventional devices, long-term device stability, and development of new
organic-compatible processes and materials. While the absorption and emission per-
formance of organic materials in photovoltaics and light emitting diodes is extraordi-
narily high for thin films, the charge conduction mobilities are generally low. Building
highly efficient devices with low-mobility materials is one challenge. Many organic
semiconductor films are unstable during fabrication, storage, and operation due to
reactions with water, oxygen and hydroxide. A final challenge facing organic elec-
tronics is the need for new processes and materials for electrodes, semiconductors
and substrates compatible with low-temperature, flexible, and oxygenated and aro-
matic solvent-free fabrication. Materials and processes must be capable of future
high volume production in order to enable low costs. In this thesis we explore sev-
eral techniques to improve organic semiconductor device performance and enable new
fabrication processes.
In Chapter 2, I describe the integration of sub-optical-wavelength nanostructured
electrodes that improve fill factor and power conversion efficiency in organic pho-
tovoltaic devices. Photovoltaic fill factor performance is one of the primary chal-
lenges facing organic photovoltaics because most organic semiconductors have poor
charge mobility. Our electrical and optical measurements and simulations indicate
that nanostructured electrodes improve charge extraction in organic photovoltaics.
In Chapter 3, I describe a general method for maximizing the efficiency of or-
ganic photovoltaic devices by simultaneously optimizing light absorption and charge
carrier collection. We analyze the potential benefits of light trapping strategies for
maximizing the overall power conversion efficiency of organic photovoltaic devices.
This technique may be used to improve organic photovoltaic materials with low ab-
sorption, or short exciton diffusion and carrier-recombination lengths, opening up the
device design space.
In Chapter 4, I describe a process for high-quality graphene transfer onto chem-
ically sensitive, weakly interacting organic semiconductor thin-films. Graphene is a
promising flexible and highly transparent electrode for organic electronics; however,
transferring graphene films onto organic semiconductor devices was previously im-
possible. We demonstrate a new transfer technique based on an elastomeric stamp
coated with an fluorinated polymer release layer. We fabricate three classes of organic
semiconductor devices: field effect transistors without high temperature annealing,
transparent organic light-emitting diodes, and transparent small-molecule organic
photovoltaic devices.
Table of Contents
List of Figures v
List of Tables xiv
1 Introduction 1
1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Organic Semiconductor Devices . . . . . . . . . . . . . . . . . . . . . 4
1.2.1 Introduction to Organic Electronics . . . . . . . . . . . . . . . 4
1.2.2 Organic Semiconductor Stability . . . . . . . . . . . . . . . . . 6
1.3 Organic Photovoltaics . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.1 OPV Device Physics . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.2 OPV Device Structure . . . . . . . . . . . . . . . . . . . . . . 12
1.3.3 Evaluating OPV Performance . . . . . . . . . . . . . . . . . . 16
1.3.4 PV Performance Limits . . . . . . . . . . . . . . . . . . . . . 19
1.3.5 OPV Equivalent Circuit . . . . . . . . . . . . . . . . . . . . . 22
1.4 Organic Light Emitting Diodes . . . . . . . . . . . . . . . . . . . . . 23
1.4.1 Device Physics . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.4.2 OLED Device Structure . . . . . . . . . . . . . . . . . . . . . 24
1.4.3 Evaluating OLED Performance . . . . . . . . . . . . . . . . . 28
1.5 Graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
1.5.1 Graphene Electrodes for Organic Electronics . . . . . . . . . . 29
i
1.5.2 Graphene Electrode Physics . . . . . . . . . . . . . . . . . . . 30
1.6 Objectives and Approach . . . . . . . . . . . . . . . . . . . . . . . . . 31
2 Nanostructured Electrodes Improve the Fill Factor of Organic Pho-
tovoltaics 32
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.1.1 Recombination and Charge Transport in OPV Devices . . . . 33
2.1.2 OPV Fill Factor . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.2.1 Simulation and Theory . . . . . . . . . . . . . . . . . . . . . . 36
2.2.2 Applicability to Bulk Heterojunction OPV . . . . . . . . . . . 39
2.2.3 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.2.4 Electrical Characterization . . . . . . . . . . . . . . . . . . . . 45
2.2.5 Optical Characterization . . . . . . . . . . . . . . . . . . . . . 46
2.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3 Simultaneous Optimization of Absorption and Carrier Collection in
OPV 54
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.1.1 Improving OPV Absorption . . . . . . . . . . . . . . . . . . . 56
3.1.2 OPVs with Light Trapping and High Quantum Efficiency . . . 58
3.2 UTOP Cell Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.2.1 Power Conversion Efficiency . . . . . . . . . . . . . . . . . . . 60
3.2.2 Photon Collection Efficiency . . . . . . . . . . . . . . . . . . . 63
3.3 Numerical Optimization of Top Contact Patterning . . . . . . . . . . 64
3.4 Designing the Optimal Control OPV Device with a Planar Top Contact 66
3.4.1 1D Gratings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.4.2 2D Block and Cone Arrays . . . . . . . . . . . . . . . . . . . . 70
3.4.3 Incident-angle Dependence . . . . . . . . . . . . . . . . . . . . 72
ii
3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.5.1 Light Trapping Polymer Nanostructures . . . . . . . . . . . . 74
3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4 Graphene Electrodes on Organic Thin-Film Devices via Orthogonal
Chemistry 77
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.1.1 Orthogonal Processing of Organic Semiconductors . . . . . . . 80
4.1.2 Transfer Process . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.1.3 Graphene Characterization . . . . . . . . . . . . . . . . . . . . 85
4.1.4 SEM and Raman of Fl-transferred Graphene . . . . . . . . . . 86
4.2 Graphene Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.2.1 Graphene Transistor . . . . . . . . . . . . . . . . . . . . . . . 88
4.2.2 Graphene OLED . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.2.3 Graphene OPV . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5 Conclusions and Future Work 95
Bibliography 96
A Measurement and Fabrication 121
A.1 Details of Sample Preparation . . . . . . . . . . . . . . . . . . . . . . 121
A.1.1 Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
A.1.2 Film Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . 122
A.2 Details of Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 122
A.2.1 External Quantum Efficiency . . . . . . . . . . . . . . . . . . 122
A.2.2 Details of OLED efficiency measurements . . . . . . . . . . . . 123
A.3 R script for analyzing photovoltaic device data . . . . . . . . . . . . . 123
iii
B List of Publications 128
iv
List of Figures
1.1 World energy consumption, 1990-2040. Adapted from the U.S. Energy
Information Administration. [1] . . . . . . . . . . . . . . . . . . . . . 2
1.2 Solution processable polymeric organic semiconductors. Top row: MDMO-
PPV (poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)]-1,4-phenylenevinylene),
P3HT (poly(3-hexylthiophene-2,5- diyl) and PFB (poly(9,9’-dioctylfluorene-
co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine). Bot-
tom row: CN-MEH-PPV (poly-[2-methoxy-5-(2’-ethylhexyloxy)-1,4-
(1-cyanovinylene)-phenylene), F8TB (poly(9,9’- dioctylfluorene-co-benzothiadiazole)
and PCBM (1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]C61). Reprinted
(adapted) with permission from [11]. Copyright 2004 Materials Re-
search Society. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Small molecule organic semiconductors: ZnPc (zinc-phthalocyanine),
Me-PTCDI (N,N’-dimethyl-perylene-3,4,9,10-dicarboximide), and fullerene
C60. Reprinted (adapted) with permission from [11]. Copyright 2004
Materials Research Society. . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Absorption coefficients of common materials used in OPV devices in
comparison with the radiant flux of the AM 1.5 solar spectrum. Reprinted
(adapted) with permission from [11]. Copyright 2004 Materials Re-
search Society. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Schematic of OPV energy collection and transfer. Reprinted (adapted)
with permission from [16]. Copyright 2009 Royal Society of Chemistry. 10
v
1.6 a) A planar heterojunction OPV device. b) A bulk heterojunction OPV
device. c) Investigation of ideal morphologies for BHJ OPV devices.
Reprinted (adapted) with permission from [21]. Copyright 2011 IEEE. 12
1.7 The role of electron blocking layers at the interface between the an-
ode and the electrode acceptor. a) Shows the case of direct anode-
acceptor contact with a low cell voltage. b) Shows the case of direct
anode-acceptor contact with a high cell voltage. c) Shows the insertion
of a blocking layer between the anode-acceptor interface. Reprinted
(adapted) with permission from [22]. Copyright 2011, The Royal So-
ciety of Chemistry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.8 Schematic energy diagrams showing two proposed mechanisms for charge
transport through the BCP exciton blocking layers. Left: acceptor
electrons reach the cathode via trap states in the BCP. Right: acceptor
electrons recombine with holes injected from the cathode. From [25,26].
Copyright 2005 Wiley. . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.9 A current-voltage characteristic of a photovoltaic device. The defini-
tions of Fill Factor, Open-Circuit Voltage, and Short-Circuit Current
are shown. Reprinted (adapted) with permission from [11]. Copyright
2004 Cambridge Univ. Press. . . . . . . . . . . . . . . . . . . . . . . 17
1.10 Comparison of efficiency loss factors for OPV devices based on the
Shockley-Queisser limit. The subfigures a-d propose various combi-
nations of loss mechanisms to explain the 4.2% power conversion effi-
ciency of a sample PF10TBT/PCBM device. Reprinted with permis-
sion from [34]. Copyright 2009 American Chemical Society. . . . . . . 21
1.11 Photovoltaic equivalent circuit diagram. Reprinted from [40]. Copy-
right 2000 Cambridge and Graz. . . . . . . . . . . . . . . . . . . . . . 23
1.12 Structures for fluorescent and phosphorescent OLEDs. From [45].
Copyright 2013 physica status solidi (a). . . . . . . . . . . . . . . . . 25
vi
1.13 Band structure for the POLED device with triplet exciton harvest-
ing by Baldo et al. Reprinted (adapted) with permission from [44].
Copyright 1999 AIP Publishing, LTD. . . . . . . . . . . . . . . . . . . 26
1.14 Schematic energy diagram of a p-i-n OLED device under operation.
From [49]. Copyright 2009 IEEE. . . . . . . . . . . . . . . . . . . . . 27
1.15 Three dimensionalities of 2D graphene films: 0D fullerene C60, 1D nan-
otube, and 3D graphite. From [50]. Copyright 2007 Nature Publishing
Group. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.1 The equations for carrier transport. Table adapted from Ray et al.’s
investigation. [85] Image Copyright 2012 IEEE. . . . . . . . . . . . . 37
2.2 The effect of inserted electrode height on the performance of a pla-
nar heterojunction OPV device. (a) Power conversion efficiency, (b)
Short-circuit current, (c) Open-circuit voltage, (d) Fill Factor. Figure
adapted from Ray et al.’s investigation. [85] Image Copyright 2012 IEEE. 38
2.3 The effect of inserted electrode height on the electric field and carrier
density. Figure adapted from Ray et al.’s investigation. [85] Image
Copyright 2012 IEEE. . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.4 Experimentally measured and calculated simulation parameters for the
SubPc/C60 based photovoltaic device. . . . . . . . . . . . . . . . . . . 39
2.5 Simulated and experimental current-voltage characteristics of nanos-
tructured electrode and planar electrode devices. . . . . . . . . . . . . 40
2.6 The effect of the NE on a typical BHJ OPV device morphology is di-
vided into four cell structures: B0, B1, B2, and B3. [85] Image Copy-
right 2012 IEEE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.7 The effect of inserted electrode height on the performance of a bulk
heterojunction OPV device. (a) Power conversion efficiency, (b) Short-
circuit current, (c) Open-circuit voltage, (d) Fill Factor. Figure adapted
from Ray et al.’s investigation. [85] Image Copyright 2012 IEEE. . . . 41
vii
2.8 Silicon micropillars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.9 Early attempts to fabricate nanostructured electrodes via Ag electro-
plating on ITO substrates, using an insulating photoresist mask with
20-50 nm vias. (a) SEM micrograph showing uncontrolled growth of
Ag nanopillars out of some vias, but a complete lack of growth out of
many vias. (b) SEM micrograph showing sparse growth of Ag nanopil-
lars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.10 (a) Photograph of a completed 4” fused-Silica wafer with 64 nanostruc-
tured OPV devices. Each nanostructured area is 1 x 1 mm. The wafer
is diced into 16 individual substrates. (b) Optical microscope image of
a single nanostructured area which is 1 x 1 mm. . . . . . . . . . . . . 44
2.11 Left: Schematic of a nanostructured electrode device. Right: A cross-
sectional SEM micrograph of a nanostructured electrode device. The
scale bar is 100 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.12 An energy band diagram for the OPV device. All energy levels are
relative to the vacuum level and measured in eV [23,104,106]. . . . . 46
2.13 The measured J-V curve of a nanostructured electrode and planar elec-
trode devices. The solid red line is the light current curve of the nanos-
tructured electrode device. The dashed blue line is the light current
curve of the reference planar electrode device. The inset dashed squares
show the definition of 100% FF and the FF of each device type at the
maximum power point. . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.14 Measured dark J-V curve of nanostructured electrode and planar elec-
trode devices. The solid red line is the dark current curve of the nanos-
tructured electrode device. The dashed blue line is the dark current
curve of the reference planar electrode device. Inset: 2 x 2 cm substrate
with eight devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
viii
2.15 External quantum efficiency of nanostructed electrode and planar elec-
trode devices. EQE data are averaged for two identical planar electrode
devices and two NE devices. . . . . . . . . . . . . . . . . . . . . . . . 49
2.16 RCWA simulation of active layer absorption in NE and planar electrode
OPV devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.17 Active layer absorption measurement and RCWA simulation. Lines
show the active layer UV-Vis absorption measurement with substrate
and anode subtracted. Absorption data is averaged over two identical
planar electrode devices and three nanostructured electrode devices.
Points show RCWA active layer absorption simulation. Inset: SEM
micrograph of NE array before deposition of organic material. . . . . 51
2.18 Absorption profile of neat SubPc and C60 films on fused-silica. The
substrate absorption has been subtracted. Films are 23 nm thick as
measured by AFM and X-ray reflectivity. . . . . . . . . . . . . . . . . 52
2.19 SEM micrograph of nanostructured electrodes patterned directly on
ITO substrates, bypassing the need for etching of glass and coating
with thin, conductive gold. . . . . . . . . . . . . . . . . . . . . . . . . 53
3.1 The physical structures of previous light trapping strategies applied
to photovoltaic devices: a) 3D parabolic light reflectors. b) Planar
antireflection nanostructures. c) Surface nanostructures to increase
light trapping. d) Nanostructured slot waveguides which couple modes
into the absorber. Reprinted with permission from [117]. Copyright
2012 Nature Publishing Group. . . . . . . . . . . . . . . . . . . . . . 56
3.2 (a) Schematic showing the structure of the inverted UTOP with a pat-
terned ITO layer on a 10/20 nm SubPc/C60 absorbing heterojunction
layer. (b) The real part (n) and the imaginary part (κ) of the refractive
index of ITO (blue) [133], C60 (green) [110], and SubPc (red) [134]. . 58
ix
3.3 Measured ηi for the planar OPV devices with SubPc/C60 of different
thicknesses. The ratio of the thicknesses of SubPc:C60 = 1 : 2. The
inset shows the average quantum efficiency weighted by the solar spec-
trum over the relevant wavelength range. . . . . . . . . . . . . . . . . 60
3.4 Measurement of optical absorption using an integrating sphere. Image
Copyright PerkinElmer, 2004. . . . . . . . . . . . . . . . . . . . . . . 61
3.5 Measured absorption of SubPc/C60 layers with different thicknesses.
The absolute absorption measurement is used to calculate internal
quantum efficiency from EQE measurements. . . . . . . . . . . . . . . 62
3.6 Measurement of complex refractive indices of OPV materials using a
J.A. Woollam Co. spectroscopic ellipsometer, followed by curve fitting
to obtain the n and k values. . . . . . . . . . . . . . . . . . . . . . . . 65
3.7 (a) Scheme of the unpatterned cell composed of a planar ITO anode.
(b) Jsc versus the ITO thickness of the unpatterned cell. . . . . . . . 66
3.8 (a) Map of Jsc versus the period of the 1D pattern, a, and the width
of the ridges, d, for TE polarized light. (b) The photon-collection
efficiency spectrum of the optimal structure. (c) The intensity distri-
bution of the electric field of the optimized case at wavelength λ = 612
nm, where the difference of photon collection efficiencies reaches the
maximum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.9 (a) Map of Jsc versus the period of the 1D pattern, a, and the width
of the ridges, d, for TM polarized light. (b) The photon-collection
efficiency spectrum of the optimal structure. (c) The intensity distri-
bution of the electric field of the optimized case at wavelength λ = 490
nm, where the refractive index of SubPc is lowest. . . . . . . . . . . . 68
x
3.10 (a) Schematic of the ITO grating composed of triangular ridges. (b),
(c) The spectral collection efficiencies in the active layer for TE and
TM polarized light. (d) The intensities of the electric field for the
optimal structure for TE polarized light at λ = 458 nm. (e) Electric
field profiles for TM polarized light at λ = 490 nm. . . . . . . . . . . 69
3.11 (a) Schematic of the cells composed of ITO blocks or cones in a square
lattice. (b), (c) The spectral photon collection efficiency for the op-
timal block and cone arrays. (d), (e) The intensity distributions of
the electric field of the optimized case, viewed in a cross-section which
crosses the axis y = 0, at λ = 490 nm for the optimal block and cone
arrays, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.12 Jsc versus incident angle, φ, for the optimal block (a), and cone arrays
(c). The black solid and dotted lines represent the φ–dependence of
Jsc along the lattice (θ = 0
◦) and a diagonal (θ = 45◦), and the red
lines is for the unpatterned references. . . . . . . . . . . . . . . . . . 72
3.13 Jsc of 2D block arrays (solid line) and planar cells (dotted line) op-
timized for different UTOP thicknesses. The ratio of the thickness
of SubPc:C60 is 1:2. (b) The enhancement of Jsc for block arrays
compared with the optimal planar cells with corresponding SubPc/C60
thicknesses (solid line) and the enhancement over the planar reference
having a 45 nm thick SubPc/C60 layer (dotted line). . . . . . . . . . . 73
4.1 Image of a graphene device which shows the vertical ITO anode and
the completed device. The OPV device is highly transparent. Adapted
from 4.1. Copyright Applied Physics Letters, 2011. . . . . . . . . . . 78
xi
4.2 (a) Schematic of the fabrication of a transfer stamp, above, and graphene
transfer onto a substrate, below. (b) Sample molecular structure for a
hydrofluoroether solvent (Novec
TM
Engineered Fluid 7500 shown). [167]
(c) Molecular structure of a fluorinated copolymer photoresist consist-
ing of 1H,1H,2H,2H-perfluorodecyl methacrylate (FDMA) and tert-
butyl methacrylate (TBMA)). [173] . . . . . . . . . . . . . . . . . . . 82
4.3 Photograph of CVD graphene on copper foils adhered to the top of
PDMS/parylene-c/fl-resist stamps, before the copper foil is etched in
ferric chloride. Each stamp has three graphene strips that are approx-
imately 2 by 15 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.4 (a) Optical microscope image of fl-resist-transferred graphene on SiO2.
Inset photograph of graphene transferred to a SiO2 chip. (b) SEM mi-
crograph of fl-resist-transferred graphene on SiO2. (c) 5 by 5 µm AFM
scan of fl-resist-transferred graphene on SiO2. The height scale is 5 nm.
The RMS roughness is 0.526 nm within the 1.5 by 1.5 µm inset box.
(d) Raman shift of fl-resist-transferred graphene on SiO2. (e) Spatially
resolved scan of G-Peak position of fl-resist-transferred graphene on
SiO2, 50 by 40 µm. The color scale bar shows the estimated doping in
eV and the G-Peak position shift. (f) Spatially resolved scan of the ra-
tio of D-band (1350 cm−1) to G-band intensity of fl-resist-transferred
graphene on SiO2. The color scale bar shows the magnitude of the
intensity ratio, from 0 to 0.5. . . . . . . . . . . . . . . . . . . . . . . . 85
4.5 (a) SEM micrograph of fl-transferred graphene on TPBi, an organic
semiconductor film. (b) SEM micrograph of PMMA-transferred graphene
on SiO2. (c) Background corrected Raman spectrum of fl-transferred
graphene on TPBi (d) Spatially resolved scan of G-Peak position of
PMMA-transferred graphene on SiO2. The color scale bar shows dop-
ing estimate in eV and peak position shift. . . . . . . . . . . . . . . . 87
xii
4.6 (a) GFET source-drain current. Inset: Photograph of four GFET de-
vices on an SiO2 chip. (b) Photograph of graphene laminated cathode
OLED with a 2 x 4 mm active area. Inset: OLED device structure.
(c) Radiance of graphene-laminated cathode OLED vs. control OLED.
(d) J-V curves of control OPV with aluminum cathode vs. graphene-
laminated cathode OLED. (e) Digital camera photograph of graphene
OPV device. A red outline and digitally altered color balance increase
visibility of the graphene cathode. Inset: OPV device structure. . . . 89
4.7 The current-voltage characteristics of OLED devices with graphene
and magnesium-silver cathodes. . . . . . . . . . . . . . . . . . . . . . 91
A.1 Sample output of the opvPLOT script, developed by the author for
analyzing OPV current-voltage data. . . . . . . . . . . . . . . . . . . 124
xiii
List of Tables
1.1 Global renewable energy resources: explored, implemented. Adapted
from Chen [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Common electrode metals with their work functions. [13] . . . . . . . 8
2.1 Performance characteristics of NE and planar devices. Planar data is
averaged over 12 identical devices. NE data is averaged over 9 identical
devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.1 Performance characteristics of UTOP devices, show invariance of FF
and Voc with thickness. The absolute values and standard deviations
are shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.1 Performance characteristics of OPV devices made with fl-resist-transferred
graphene cathodes and aluminum cathodes. . . . . . . . . . . . . . . 93
xiv
Acknowledgments
I would first like to thank my advisor, Professor Ioannis Kymissis, for his guidance
and sharing his knowledge. And second, all past and present members of the Columbia
Laboratory for Unconventional Electronics. I would particularly like to thank my
early mentors Dr. Yu-Jen Hsu, Dr. Nadia Pervez, Dr. Zhang Jia, Dr. Vincent Lee,
and Dr. Marshall Cox. My fellow researchers Hassan Edrees, Shyuan Yang, Fabio
Carta, Amrita Masurkar, Kostas Alexandrou, and Aida Colon Berrios have engaged
me with great discussions and helpful advice.
I would like to thank fellow Columbia EFRC researchers for their discussions and
collaborations, especially Muhammad Alam and Biswajit Ray from Purdue Univer-
sity. I would like to thank Charles Black and his research group at Brookhaven
National Laboratory, especially Danvers Johnston, Chang-Yong Nam, Aaron Stein,
and Ming Lu for many hours of discussion about nanofabrication. I would like to
thank Cheng-Chia Tsai, Richard Grote, Richard Osgood, Jr. and Dirk Englund for
their contributions to optics analysis. I would like acknowledge the assistance and
previous graphene research of Marshall Cox, Robert Barton, Kostas Alexandrou and
Nick Petrone.
I would like to acknowledge the financial and material support of the Energy
Frontier Research Center, Brookhaven National Laboratory, and National Institute of
Standards and Technology, where the majority of the research for my thesis took place.
Finally, I must thank the Columbia Center for Integrated Science and Engineering
and Department of Electrical Engineering for endless assistance in supporting our
research activities.
xv
I would like to thank my friends and family for their love and support; I couldn’t
have come this far without you. To my mom, dad, brother and sister.
xvi
CHAPTER 1. INTRODUCTION 1
Chapter 1
Introduction
1.1 Background and Motivation
According to the U.S. Energy Information Administration, global energy use is pro-
jected to increase by 56% between 2010 and 2040, Figure 1.1. Global carbon dioxide
emissions are estimated to rise by 46% during the same period. In the United States,
about 65% of electricity is generated from non-renewable sources like coal and nat-
ural gas. We must provide new renewable energy sources to meet increasing energy
demands with less carbon output. Renewable energy technologies are a potential
solution to provide more electricity, reduce the effects of global climate change and
reduce pollution.
A brief summary of global renewable energy sources, and their current utilization,
is listed in Table 1.1. Solar energy has a large untapped capacity to supply on
the order of hundreds of exajoules worth of energy per year. Global adoption of
renewable energy sources like photovoltaics is growing by 2.5% annually. The price
of crystalline silicon photovoltaic (PV) cells has dropped from ˜$8 per watt in the
1990’s to a forecast $0.74 per watt in 2013. [3] The price of power generated by
silicon PV has steadily dropped as economics of scale have pushed down the prices of
fabrication, installation and raw materials. Silicon PV can compete with traditional
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Figure 1.1: World energy consumption, 1990-2040. Adapted from the U.S. Energy
Information Administration. [1]
Type Resource Implemented Percentage
EJ/year EJ/year explored
Solar 2730000 0.31 0.0012%
Wind 2500 4.0 0.16%
Geothermal 1000 1.2 0.10%
Hydro 52 9.3 18.0%
Table 1.1: Global renewable energy resources: explored, implemented. Adapted
from Chen [2]
energy sources in some energy markets. However, lower prices will further encourage
adoption and competition with electricity produced by petroleum, natural gas and
coal. New photovoltaic energy technologies have the potential to reduce the cost of
renewable energy sources, increase adoption by enabling new PV system architectures,
and increase the efficiency of current PV systems.
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Organic photovoltaics (OPVs) are a renewable energy technology that could po-
tentially be high-volume and inexpensive. OPV research is driven by the demand
for high-efficiency, low-cost photovoltaic cells. There has been significant research
progress and initial industry progress towards commercialization of OPV technologies.
Traditional inorganic PVs require high material purity and high-temperature process-
ing (˜1400◦C), which increase the cost of production. High temperature processing
is incompatible with many substrates, such as flexible plastics and cellulose. Organic
materials can be processed in solution at room temperature or deposited with physi-
cal vapor deposition at low temperatures (100-300◦C). The relatively low processing
temperature enables a wider choice of substrates. OPV cells enable commercial and
novel device architectures include columnar strands, partially transparent sheets for
architectural surfaces, and flexible plastic panels [4, 5]. Organic photovoltaics are a
promising renewable energy technology due to their potential low cost, compatibil-
ity with roll-to-roll processing, and demonstrated power conversion efficiencies above
10% [6,7].
A second technology enabled by advanced organic semiconductors devices is the
Organic Light Emitting Diode (OLED). OLEDs are useful for digital emissive displays
such as televisions and mobile phones, and overhead lighting. Light emitting diodes
(LEDs) and LED displays are important technologies that have grown into virtually
every field. OLED displays offer advantages over traditional LED displays such as
low cost, flexible plastic substrates, high visual contrast ratio, wide viewing angle,
and high power efficiency.
Organic electronics have great potential to disrupt the electronics industry be-
cause they enable new device architectures with potentially inexpensive materials,
with inexpensive packaging such as plastics, with unprecedented ability to integrate
sensors, actuators, digital logic, energy collection, and energy storage. The current
obstacles to organic electronics are performance, development of industrial fabrica-
tion processes, and device stability. If these challenges can be met, organic electronics
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may power a new generation of electronics. Major themes discussed throughout this
thesis are organic photovoltaics (OPVs), organic light emitting diodes (OLEDs), and
graphene.
1.2 Organic Semiconductor Devices
1.2.1 Introduction to Organic Electronics
Organic semiconductors are carbon-based molecules with electron delocalization that
is created by sp2 hybridization. Organic semiconductors are compelling materials
because they can be made on a low thermal budget and are elemental abundant.
Since many organic materials form van der Waals bonds, the energetic input required
for assembly of thin films is low. Furthermore, many useful organic devices can
be formed without epitaxial or crystal growth. A large variety of organic materials
can be designed and synthesized due to the chemical flexibility of carbon molecules.
Performance of organic electronics have been catching up to inorganic devices and
surpasses the challenge of placing electronics on a wide variety of substrates, including
plastic sheets, paper cellulose, and glass.
Interest in organic electronics accelerated with the demonstration of the first
OFETs, OPVs [8] and OLEDs [9] in the late 1980’s. Excitement grew as chemists syn-
thesized soluble organic semiconductor materials, enabling solution processing tech-
niques. We now have a wide variety of substrates, semiconductors, insulators, and
processing techniques to build organic semiconductor devices. OLED devices have
begun to see great commercials interest in the smartphone and television market as
high-contrast and flexible displays.
Organic semiconductor materials can be divided into two categories: polymers and
small molecules. Polymers are made up of small carbon-rich units such as -vinyls, -
thiophenes, and -pyrroles in long chains. Several polymeric organic semiconductor are
shown in Figure 1.2; the top row shows electron donor materials while the bottom
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row shows electron acceptor materials. Polythiophene and polyfluorene are well-
known polymer semiconductors. The molecular orientation of polymers often has
a significant effect on intermolecular charge transport and device performance. [10]
Polymers can be synthesized to have a high rate of packing and a low energy input for
crystallization. Substrate heating, surface temperature and morphology engineering
all determine the properties of the organic polymer thin films. Polymer and soluble
organic molecules are mainly processed from solution; polymers decompose when
heated or may have too large of a molecular mass for evaporation. Small molecule
organic semiconductors are low molecular weight, unpolymerized units. In some cases,
functional units can be added to make the small molecules soluble. Pentacene and
C60 are well-known small molecule organic semiconductors, as is the functionalized,
soluble C60 derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). Several
small molecule organic semiconductors are shown in Figure 1.3. Small molecules are
mainly deposited with thermal physical vapor deposition.
In inorganic semiconductor band theory, the valence and conduction bands de-
scribe the state of electron mobility in a material. In organic semiconductors these
bands roughly correspond to the highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO). The location of the HOMO and LUMO
levels determines whether the material easily transports electrons or holes. The ab-
sorption of the organic material is determined by energetic transitions from the LUMO
to the HOMO level.
The semiconductor energy levels are also important when selecting metal contacts.
Barriers to charge injection and extraction at the electrode metal-semiconductor
junctions depend on the difference between the metal work function and the HO-
MO/LUMO levels. There is also an influence of interface dipoles which can shift the
band alignment. [12] Commonly used interface electrodes are listed with their work
functions in Table 1.2. Au is a popular metal for accessing the HOMO level of or-
ganic semiconductors while Al and Ca are used to access the LUMO levels. Low work
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Figure 1.2: Solution processable polymeric organic semiconductors. Top row:
MDMO-PPV (poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)]-1,4-phenylenevinylene),
P3HT (poly(3-hexylthiophene-2,5- diyl) and PFB (poly(9,9’-dioctylfluorene-co-
bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine). Bottom row:
CN-MEH-PPV (poly-[2-methoxy-5-(2’-ethylhexyloxy)-1,4-(1-cyanovinylene)-
phenylene), F8TB (poly(9,9’- dioctylfluorene-co-benzothiadiazole) and PCBM
(1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]C61). Reprinted (adapted) with
permission from [11]. Copyright 2004 Materials Research Society.
function metals are difficult to incorporate because their low activation energy makes
them naturally reactive. The stability of low work function metals can be increased
by making them very thin (˜ 1 nm) and followed by higher work function metals, or
alloyed with other metals during a co-deposition process.
1.2.2 Organic Semiconductor Stability
Stability is a major challenge to organic electronics. Organic semiconductors react
with H+ ions, OH− ions and O2 molecules which are readily available in the environ-
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Figure 1.3: Small molecule organic semiconductors: ZnPc (zinc-phthalocyanine),
Me-PTCDI (N,N’-dimethyl-perylene-3,4,9,10-dicarboximide), and fullerene C60.
Reprinted (adapted) with permission from [11]. Copyright 2004 Materials Research
Society.
ment. The energy input required to interact with ions can be increased by engineering
the HOMO and LUMO levels; however, n-type organic materials are difficult to sta-
bilize because their Fermi level is higher, so the redox potential is lower. [14] The
environmental stability problem is often solved by encapsulation and synthesis of
more stable molecules. Encapsulation has been a topic of significant research in the
OFET, OLED and OPV communities. Plastic sheets, glass, metals, metal oxides, and
graphene can be used to seal the organic material from the environment; desiccant
can be placed in the sealed cavity to passivate residual water and oxygen. Lightweight
and transparent roll-coating barriers have been developed for flexible displays. [15]
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Table 1.2: Common electrode metals with their work functions. [13]
1.3 Organic Photovoltaics
1.3.1 OPV Device Physics
Organic photovoltaics (OPVs) may potentially bring low cost, low weight and highly
flexible solar cells to a wide market. Organic semiconductors generally have strong
absorption, which makes them useful for thin-film photovoltaic devices. The match
between absorption coefficient and the AM 1.5 solar spectrum is shown in Figure 1.4.
The best OPV materials have a large absorption overlap with the solar spectrum.
Many organic semiconductors have optical band gaps around 2 eV, which places their
absorption strongly in the blue and reduces their maximum theoretical photogener-
ated current. [11] One difference between organic photovoltaics and conventional PV
is that OPV are majority carrier devices, which means that the hole is transported
in the donor and the electron is transported in the acceptor. In conventional PV, the
minority carriers are holes in the n-type side and electrons in the p-type side of the
junction.
The process of photocurrent generation in a heterojunction device is schemati-
cally shown in Figure 1.5. In the first step, light is absorbed by one of the organic
semiconductor active layers. We call this an active layer because it is absorbing light
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Figure 1.4: Absorption coefficients of common materials used in OPV devices in
comparison with the radiant flux of the AM 1.5 solar spectrum. Reprinted (adapted)
with permission from [11]. Copyright 2004 Materials Research Society.
and transporting charge. The photon energy excites an electron from the HOMO
band to the LUMO band and creates a bound particle called an exciton. The exciton
has a binding energy of 0.5 - 1.0 eV and is neutrally charged. The electron/hole in
Figure 1.5 are shown with energy levels less than the HOMO/LUMO to account for
the binding energy of the exciton. The exciton must diffuse to a dissociation site
at the donor/acceptor junction where the difference in electron energy level between
the donor/acceptor is sufficient to break the exciton binding energy, resulting in an
electron in the acceptor layer and a hole in the donor layer. The difference in work
functions of anode and cathode attracts the free electrons and holes to the respective
contacts.
We can quantitatively describe the steps of photovoltaic energy transfer with the
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Figure 1.5: Schematic of OPV energy collection and transfer. Reprinted (adapted)
with permission from [16]. Copyright 2009 Royal Society of Chemistry.
External Quantum Efficiency, which describes the number of electrons collected (to
the external circuit) per incident photon:
ηEQE = ηA(λ)ηEDηCT (V )ηCC(V ) (1.1)
ηA is the optical absorption efficiency. ηED is the efficiency of photogenerated exciton
diffusion to the heterojunction. ηCT is the charge transfer efficiency for excitons to
dissociate into holes and electrons. ηCC is the charge collection efficiency which is the
fraction of charge carriers that travel from the heterojunction to the electrodes. [17]
This equation describes the conversion of optical energy to electricity.
There is a fundamental trade-off in designing OPV cell thickness because the
exciton diffusion length LD is usually much less than the optical absorption length
(1 / α). Exciton diffusion lengths are commonly in the range of 5 - 20 nm. In many
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organic materials the charge transfer and charge collection efficiencies (ηCT and ηCC)
are high so the major challenges are absorption and exciton diffusion. In bilayer OPV
devices the best performance is achieved when active layer thickness is on the order of
the exciton diffusion length, though this results in decreased absorption. [18] Effective
strategies to improve performance of bilayer devices are bulk / mixed heterojunction
architectures and employing light-trapping schemes to increase optical absorption
while maintaining high exciton diffusion efficiency, ηED.
Early homojunction OPV devices transported both electrons and holes in a single
layer and had low power conversion efficiencies. The advantage of heterojunction
OPV devices over homojunctions is that electrons and holes travel within separate
donor/acceptor layers and are therefore less likely to recombine. In heterojunction
devices the photocurrent is linearly dependent on illumination and high fill factors
are possible. [11] Two types of heterojunction solar cells reviewed here are planar
heterojunctions and bulk heterojunctions.
Planar heterojunction (PHJ) photovoltaics are formed by sequentially depositing
distinct donor/acceptor films, usually by thermal evaporation. The intersection of
donor/acceptor layers forms a junction. A schematic is shown in Figure 1.6a. The
first PHJ OPV devices were developed by Tang et al. in 1986 to move away from
homojunction photovoltaics. The first PHJ OPV devices paired a -phtalocyanine
donor with a -perylene acceptor and achieved almost 1% power conversion efficiency.
[8] The best PHJ devices are now 3-4% efficient. The relatively low efficiency of PHJ
OPV devices is attributed to a small short-circuit current caused by poor exciton
collection efficiency, ηED. [19]
Bulk heterojunction (BHJ) photovoltaic devices mix donor/acceptor materials
that form an interpenetrating network in the device active volume. A schematic is
shown in Figure 1.6b. BHJ OPVs overcome a bottleneck in exciton dissociation by in-
creasing the surface area between donor/acceptor layers. In 1995 Yu et al. published
an early paper on BHJ OPV highlighting the internal network of donor/acceptor het-
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erojunctions. These early BHJ devices achieved 2.9% power conversion efficiency at
≈ 0.2 suns illumination. [20] BHJ devices have remained a topic of significant inter-
est and generated efficiencies above 10%. BHJs are often formed by mixing soluble
donor/acceptor materials in a solvent, applying them to a conductive electrode, and
annealing. The annealing step serves to eliminate residual solvent and cause donor/ac-
ceptor domains to form. The performance of BHJ OPV devices is highly dependent
on nanoscale morphology of the donor/acceptor phases. Continuous donor/acceptor
domains are required to effectively transport electrons/holes to the respective elec-
trodes. BHJ solution processing has generated interest from the OPV community to
potentially enable high volume, roll to roll processing without high vacuum processes,
which may offer an inexpensive route to commercialized OPV.
1.3.2 OPV Device Structure
Figure 1.6: a) A planar heterojunction OPV device. b) A bulk heterojunction
OPV device. c) Investigation of ideal morphologies for BHJ OPV devices. Reprinted
(adapted) with permission from [21]. Copyright 2011 IEEE.
In the following paragraphs we explain the purpose of each thin film element
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common to the OPV devices discussed in this thesis:
Electron donor materials, often shortened to donors (D), are characterized by
low ionization potentials (HOMO), and typically transport holes. For this reason,
donors may also be referred to as hole transporting layers (HTLs). The primary
donor material used in OPV devices in this thesis is boron subphthalocyanine chloride
(SubPc), which offers improved absorption and open-circuit voltage compared to the
earlier donor material copper subphthalocyanine (CuPc). In heterojunction devices,
the donor is paired with an acceptor.
Electron acceptor materials, often shortened to acceptors (A), are characterized
by a high electron affinity (LUMO) and typically transport electrons. For this reason,
acceptors may also be referred to as electron transporting layers (ETLs). The primary
donor material used in OPV devices in this thesis is the fullerene C60, which offers
high mobility. When selecting the donor and acceptor organic semiconductors for
OPVs, the most important material characteristics are absorption profile, charge-
carrier mobility, band gap, and exciton diffusion length.
The anode is the hole extracting electrode for the OPV device. The anode work
function should be chosen to have a close match to the HOMO of the donor. Indium
tin oxide is a common anode material which is popular due to optical transparency
and relatively good match to many donor HOMO levels. Thin gold (less than 50 nm
thick) can also be sufficiently conductive and transparent over visible wavelengths.
Though the anode may commonly be the bottom electrode in OPV devices, the anode
may also be placed on top of device stacks to form an inverted OPV device.
The cathode is the electron extracting electrode for the OPV device. The cathode
work function is chosen to have a close match to the LUMO level of the acceptor.
Common cathodes are silver, magnesium-silver, and aluminum. The cathode often
has a low function and is susceptible to oxidation and degradation in ambient en-
vironments. In regular OPV devices the cathode is deposited on top of the organic
materials; in inverted OPV devices the cathode is deposited prior to organic deposi-
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tion.
Figure 1.7: The role of electron blocking layers at the interface between the anode
and the electrode acceptor. a) Shows the case of direct anode-acceptor contact with
a low cell voltage. b) Shows the case of direct anode-acceptor contact with a high
cell voltage. c) Shows the insertion of a blocking layer between the anode-acceptor
interface. Reprinted (adapted) with permission from [22]. Copyright 2011, The Royal
Society of Chemistry.
Injection layers placed between the semiconductor and contact reduce the extrac-
tion barrier height. The injection layers may also have a blocking property to become
‘selective contacts.’ Injection layers are useful when the difference in energy levels
between the metal and semiconductor HOMO/LUMO is large. Smaller injection bar-
riers lead to smaller contact resistance. [11] If both donor and acceptor phases contact
the electrode, then electrons and holes may recombine at the electrode. A schematic
of blocking layer integration is shown in Figure 1.7. In Fig. 1.7a, the Voc is low and a
strong electric field exists within the cell. The high electric field creates Jdrift larger
than Jdiffusion, which supports hole transport at the anode. As the Voc increases,
Fig. 1.7b, the Jdiffusion grows and causes electrons to diffuse and recombine at the
anode. In Fig. 1.7c the addition of a blocking layer with a LUMO level higher than
in the bulk prevents Jdiffusion from causing electrons to recombine at the anode. A
common injection layer at the cathode/organic interface is LiF, which has a lower
work function than most cathode metals. A common injection layer at the anode/or-
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ganic interface is PEDOT:PSS, which has a higher work function than indium-tin
oxide (ITO), which is commonly used as a transparent conducting oxide anode. PE-
DOT:PSS is commonly deposited by an aqeous/acidic solution and baked. Another
option for injection/extraction layers is molybdenum oxide, which is used to reduce
the barrier for hole injection/extraction between the anode and organic. MoO3 was
applied as an interlayer in an OPV study and found to reduce the hole extraction
barrier, resulting in lower series resistance and improved fill factor performance. [23]
Exciton blocking layers (EBLs) prevent excitons from quenching near the metal
electrodes. The oscillating dipole field of the excited molecules induces a field in
the metal, causing quenching. [24] EBLs block the transport of excitons because their
band gaps are larger than the band gaps in the donor/acceptor materials, which makes
exciton transport much less likely. Photoluminescence is commonly used to probe
quenching. BCP and TPBi are common exciton blocking layers in OPV devices. [24]
The exciton blocking layer has the additional effect of acting as an optical spacer to
displace the donor/acceptor junction so it is at the optical field intensity maximum.
The D/A junction should ideally be placed near the optical maximum so generated
excitons do not have to diffuse over a long distance to reach the junction. [18]
Rand et al. proposed that charge transport in the exciton blocking layer BCP
occurs due to damage caused during deposition of metals. The damage-induced defect
states permit charge transport, as shown in Figure 1.8, despite a ∼ 1.0 eV difference
between C60 LUMO and BCP LUMO. Damage may not sufficiently penetrate thick
layers of BCP, which results in high series resistance and low FF for BCP layers thicker
than 10-20 nm. [25] An additional study by Vogel et al. found that BCP creates an
ohmic contact between Al and C60. [24] Lassiter et al. found that hole transport
from the cathode to the acceptor through BCP causes a net positive electron current
into the cathode, also shown in Figure 1.8. [26] The charge conduction mechanism
for similar wide-bandgap exciton blocking materials, such as TPBi, could be explored
in a similar study. [25] Throughout this study, we implement TPBi as the exciton
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Figure 1.8: Schematic energy diagrams showing two proposed mechanisms for charge
transport through the BCP exciton blocking layers. Left: acceptor electrons reach
the cathode via trap states in the BCP. Right: acceptor electrons recombine with
holes injected from the cathode. From [25,26]. Copyright 2005 Wiley.
blocking material because TPBi has been found to be more stable than BCP, which
degrades via crystallization. [27]
1.3.3 Evaluating OPV Performance
The common photovoltaic figures of merit are power conversion efficiency, short-
circuit current, open-circuit voltage, and fill factor. These figures of merit are recorded
in the Current-Voltage characteristic of the photovoltaic device and are applicable to
both inorganic and organic photovoltaics. Power conversion efficiency is defined as
ηp = FF · Voc · Jsc/Pincident. (1.2)
Significant research has been devoted to discovering the theoretical limits to OPV
device efficiency. Models for charge transfer conclude that there is a compromise
between tailoring the donor/acceptor films to simultaneously maximize Voc and Jsc.
Voc can be maximized by increasing the difference between donor HOMO and ac-
ceptor LUMO. Jsc can be maximized by tuning the HOMO-LUMO optical band gap
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to maximize absorption. Rand et al. calculated a maximum efficiency for organic
heterojunction solar cells. [17] They optimized the donor/accepter optical excitation
band gap (1.8 and 1.5 eV) and donor/acceptor alignment gap (1.1 eV), to reach a
maximum efficiency of 7.9%. Based on more recent applications of the Shockley-
Queisser limit to OPV, the limit for single junctions is about 11% and the limit for
tandem architectures is 15%. [28]
Figure 1.9: A current-voltage characteristic of a photovoltaic device. The definitions
of Fill Factor, Open-Circuit Voltage, and Short-Circuit Current are shown. Reprinted
(adapted) with permission from [11]. Copyright 2004 Cambridge Univ. Press.
The short-circuit current density, Jsc, is found by applying zero potential to the
OPV device and recording the current (see Figure 1.9). In research environments,
where OPV devices are commonly less than 1 cm2 in area, current density is more
valuable than short-circuit current, Isc. The drift-diffusion current for electrons can
be written as:






which represents contributions from the electric field driven drift current and contri-
butions from the diffusion current. The short-circuit current is limited by the organic
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semiconductor material set. Maximum Jsc depends on the molecule’s spectral ab-
sorption profile match to the incoming solar spectrum. [18,29,30].
The open-circuit voltage, Voc, is found by illuminating the OPV device and record-
ing the voltage at which current is equal to zero (see Figure 1.9). At the open-circuit
voltage the energy diagram flat band condition is reached. Based on traditional sil-
icon solar cell theory, the open-circuit voltage can increase linearly with the band
gap of the cell material. However, in heterojunction devices with organic materials of
large band gaps (2 - 3 eV) the open-circuit voltage is usually (0.5 - 1 V). Open circuit
voltage is not simply a function of the work functions of the metals at the electrodes.
Maximum Voc is constrained by the energy difference between the highest occupied
molecular orbital (HOMO) of the donor and the lowest unoccupied molecular orbital
(LUMO) of the acceptor. An equation for the maximum open-circuit voltage was
developed by Rand et al.:




where ε0 is the vacuum permittivity, εr is the relative dielectric constant of the organic
materials, and rDA is the physical separation of the optically generated hole/electron
pair in the donor/acceptor films after charge transfer. [17] The third term accounts
for loss to binding energy of the dissociated electron-hole pair.
Fill factor (FF) describes the efficiency of charge extraction in the photovoltaic
device and is defined as
FF ≡ (J · V )mpp/Jsc · Voc (1.5)
where mpp indicates the maximum power point (see Figure 1.9). The maximum
power point (MPP) is found by maximizing the quantity of electrical power, P =
IV . Due to nonidealities in the photovoltaic device, the maximum current/voltage
power point is less than maximum Voc and Jsc. FF is therefore determined by the
percentage of charge carriers (electrons or holes) which reach the electrodes as the
external voltage increases and the build-in field decreases. The charge carrier drift
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distance is dependent on carrier lifetime τ and the carrier mobility µ: d = µ× τ ×E
where E is the electric field. The fill factor can be increased with materials with
large µ× τ products in order to decrease the d dependence on electric field. For high
fill factor the shunt resistance must be very large to prevent leakage current and the
series resistance must be very low. “Shorts” in the OPV device are a primary cause
of decreased shunt resistance.
External quantum efficiency (EQE) is defined as the fraction of incident photons
that produce electrons at the device contacts,
EQE(λ) = SR(λ)ḣc/qλ (1.6)
where SR(λ) = Jsc(λ)/Φ(λ). In order to measure SR(λ) we illuminate the OPV with
a programmable monochromator with a calibrated intensity. Internal quantum effi-
ciency (IQE) is distinguished from EQE by removing the effect of photon absorption.





1.3.4 PV Performance Limits
In this section we discuss the theoretical performance limits and nonidealities of
photovoltaic devices. Ideally, all photons with energy above the semiconductor band
gap are absorbed and converted into electron-hole pairs. Therefore, the maximum
short-circuit current, Jsc, is achieved when the band gap is lower than the majority









where IL is the light-generated current and I0 is the diode saturation current. By
minimizing I0 the Voc is maximized; for silicon, the maximum Voc is about 700 mV.
The maximum power conversion efficiency is strongly influenced by the band gap
of the absorber. Using the AM 1.5 solar spectrum, a maximum efficiency of 33.7%
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is possible with an ideal band gap of 1.34 eV. The maximum efficiency for mono
crystalline silicon, which has a band gap of 1.1 eV, is 29%. The limit of photovoltaic
power conversion efficiency is further described by the Shockley-Queisser limit.
In 1961, Shockley and Queisser developed an upper theoretical efficiency limit for
single p-n junction photovoltaic devices based on solar blackbody radiation and a
unity rate of radiative recombination. [31] This limit is now known as the ”Shockley-
Queisser limit,” or ”SQ limit.” The detailed balance limit describes a relationship
between the upper theoretical limit of power conversion efficiency depending on semi-
conductor bandgap. The SQ limit assumes that all photons above the bandgap are
absorbed, 100% efficiency of charge extraction, and unity radiative recombination.
The power of incoming photons is divided into the following: power converted into
electricity; power of below-bandgap photons, which pass through the photovoltaic
and aren’t absorbed; excess photon energy above the band gap, which is emitted
as phonons; decreased current due to electron-hole recombination at the maximum
power point; and decreased voltage at the maximum power point. When highly en-
ergetic photons interact with the semiconductor and an electron/hole pair is excited,
the electron and hole relax to the band edges and emit phonons. The extra energy
in this process is lost. This effect limits the maximum efficiency of a single junction
to about 44%. [32] Silicon photovoltaics, with a bandgap of 1.1 eV, have a maximum
efficiency of 29% and have demonstrated efficiencies approaching 25%. [33] The SQ
limit applies to organic photovoltaic devices; however, modifications to the theory are
required.
Organic photovoltaic device physics has several departures from the physics as-
sumed in calculating the SQ limit. The exciton binding energy and band offset nec-
essary to dissociate excitons, create a fundamental loss in OPV devices, compared to
inorganic PV. [34] OPV devices have large internal nonradiative recombination, which
can be observed in photoluminescence quenching in organic heterojunctions. [35] The
charge carrier mobility in organic semiconductors is generally lower than mobility
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Figure 1.10: Comparison of efficiency loss factors for OPV devices based on
the Shockley-Queisser limit. The subfigures a-d propose various combinations
of loss mechanisms to explain the 4.2% power conversion efficiency of a sample
PF10TBT/PCBM device. Reprinted with permission from [34]. Copyright 2009
American Chemical Society.
in silicon. Therefore the SQ limit assumption of perfect charge collection is not
valid. [36] Several other loss mechanisms prevent OPV devices from reaching the SQ
limit, shown in Figure 1.10. Exciton dissociation may not be a unity process. Elec-
trons and holes may recombine nonradiatively at interfaces, defects within the bulk
films and at the contacts. Kirchartz et al. estimated that non radiative recombination
at the donor/acceptor interface decreased the limit of power conversion efficiency by
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around 8% points. [34] However, quantum efficiencies close to 100% have been demon-
strated. [37] Finite mobility in OPV devices causes up to an approximately 3% point
drop in maximum efficiency. Based on the optical properties of photovoltaic polymers,
the estimated SQ radiative efficiency is in the range of 21-23%. [34] In a similar study,
Ameri et al. investigated the SQ limit for OPV devices starting from a theoretical
device at 30.1% efficiency. [28] They proposed limitations for an OPV device with the
ideal band gap of 1.5 eV and LUMO-LUMO offset of 0.3 eV. Based on exciton dis-
sociation, charge carrier transport losses, and non-unity external quantum efficiency,
Ameri et al. more conservatively estimated the current material sets could achieve
practical efficiencies of around 11%.
Several methods have been proposed to exceed the SQ limit. Multijunction OPV
devices increase the efficiency limit by introducing multiple absorber bandgaps. Two
junctions can achieve a maximum efficiency of 42% while three junctions can achieve
49%. [28] Several studies have demonstrated photovoltaic devices with multiple-
exciton generation. In a 2006 study Schaller et al. demonstrated the use of semi-
conductor nano crystals to to produce up to seven excitons from a single photon,
corresponding to a 700% photon-to-exciton conversion efficiency. [38] Congreve at
al. demonstrated external quantum efficiencies above 100% via singlet exciton fis-
sion, in which multiple excitons are generated when a single high-energy exciton is
converted. [39]
1.3.5 OPV Equivalent Circuit
A simplified equivalent circuit diagram (ECD) for OPV devices is shown in Figure
1.11. The current source IL is the photogenerated current when the OPV is illu-
minated. The diode current Id counteracts the photogenerated current. The shunt
current Ish occurs due to parasitic conduction in the device. The net current is
Isc = IL − Ish − Id. Other terms included in the ECD are series resistance (RS)
and shunt resistance (RSH). Series resistance is a combination of material resistivity,
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Figure 1.11: Photovoltaic equivalent circuit diagram. Reprinted from [40]. Copy-
right 2000 Cambridge and Graz.
electrode resistivity, and metal-organic interfaces at the electrodes. A low shunt re-
sistance corresponds to leaks and shorts in the diode. When shunt resistance is low,
the Voc is often reduced; we often measure “shorted” devices with low Voc and high
Ish when we fabricate OPV cells.
1.4 Organic Light Emitting Diodes
Organic light emitting diodes (LEDs) are a subset of organic diodes which emit light.
OLED displays have been commercialized by a variety of electronics manufacturers.
There is also interest in white OLEDs as an efficient solid-state lighting source. [41]
In 2009 Reineke et al. reported a white OLED with a power efficiency of 90 lmW−1,
higher than the 60-70 lmW−1 commonly found in ubiquitous fluorescent tubes. [42]
1.4.1 Device Physics
OLEDs based on organic injection type electroluminescence (EL) were pioneered in
the 1950’s and 1960’s. [43] OLEDs were eventually reduced from large crystals down to
thin organic films formed by thermal evaporation. The reduced thickness of films en-
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abled sufficient electric fields for electroluminescence with much lower voltages. Tang
et al. introduced the multi-layer OLED in 1987 with improved charge balance. [9]
The multi-layer OLED structure combines a hole-transporting layer and an electron-
transporting layer with at least one transparent electrode. The brightest OLEDs
occur when there is equal hole and electron density at the interface. The mecha-
nism of light generation is recombination luminescence. For example, in Alq3-based
devices, this film simultaneously transports electrons and emits.
For EL to occur, electrons and holes have to recombine and form an exciton, which
then decays radiatively. In Alq3-based devices, the charge carrier mobility is higher
in the hole-transporting layer than the electron transporting layer (Alq3). The lower
ETL mobility causes most exciton recombination to occur with Alq3, where emission
occurs. The recombination process creates excitons into two states: 75% into a
triplet and 25% into a singlet state. Therefore, early OLED devices that only emitted
via singlets were capped at a maximum 25% internal quantum efficiency. Baldo et
al. later introduced an electrophosphorescent material to harvest the triplet state
in phosphorescent OLEDs. [44] OLED devices with nearly 100% internal quantum
efficiency, which would indicate complete triplet and singlet exciton decay, have been
demonstrated. In Figure 1.12a and 1.12b we show two structures for fluorescent and
phosphorescent emitting OLEDs.
1.4.2 OLED Device Structure
A sample band structure, ignoring band adjustments at constants, for an electrophos-
phorescent device is shown in Figure 1.13. In the sample band structure, α-NPD is
used to transport holes from the ITO anode to the luminescent layer. The luminescent
layer consists of Ir(ppy)3 in CBP. In many EL OLEDs, Alq3 is used as a green emit-
ter, while in this phosphorescent OLED Ir(ppy)3 is a green emitter or BDASBi and
PEBA can be blue. Red emission has been demonstrated using the phosphorescent
emitter IR(MDQ)2(acac) doped into an α-NPD host. [45] BCP is used as an exciton
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(a) (b)
Figure 1.12: Structures for fluorescent and phosphorescent OLEDs. From [45].
Copyright 2013 physica status solidi (a).
blocking layer to confine excitons created at the α-NPD/Ir(ppy)3 interface. Excitons
might otherwise reach Alq3 and emit within that layer. In this OLED device the Alq3
layer is the electron transport material. MgAg forms the electron-injecting cathode.
The OLED anode must have a high work function to be able to inject holes. The
OLED cathode must have a low work function to inject electrons. OLED cathodes
are chosen with similar considerations to those used in OPVs, as shown in Table 1.2,
namely work function, morphology, and stability.
Charge injection occurs when electrons transfer from the metal to the LUMO of
the semiconductor. Injection energy barriers occur when there is a difference between
the Fermi energy level of the electrode and the transport level in the organic semicon-
ductor. The energetics of metal-semiconductor junctions have been a subject of great
research. After deposition of organic molecules on metal electrodes the work function
of the contact undergoes a change called the “vacuum-level shift,” also referred to as
an interface dipole. In some cases the shift in work function increase the injection
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Figure 1.13: Band structure for the POLED device with triplet exciton harvesting
by Baldo et al. Reprinted (adapted) with permission from [44]. Copyright 1999 AIP
Publishing, LTD.
barrier height, which may hinder OLED performance. One example of this effect is
the shift of Au’s work function from 5.1-5.4 eV in UHV to 4.5-4.9 eV after exposure
to lower vacuum levels or ambient environments. [46] Molecules deposited on the Au
surface cause a shift in energy level. In another example, indium tin oxide (ITO) is a
common transparent anode material in OLED devices. The work function of ITO can
be shifted to lower the hole injection barrier by surface treatments such as UV/ozone
and oxygen plasma. [46] The work function of the ITO anode can also be favorable
shifted downward by coating with polymers such as PEDOT:PSS.
In 1995 Ettedgui et al. proposed a model for band bending modified tunneling at
the interface between metals and organic polymers. [47] After the metal contacts the
polymer, charge transfer and equilibration of the Fermi levels cause a built-in electric
field to form. When the applied voltage increases above the built-in field, charge
injection occurs via tunneling.
Additional insertion layers are commonly added between the organic semiconduc-
tor and contact to improve charge injection. Ultrathin (∼ 1-5 nm) electron injection
layers such as LiF and MgO can reduce the barrier between cathodes and the organic
LUMO level. [48] Low work function metals are good cathodes in OLED devices be-
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cause they can easily inject electrons; however, these metals are often less stable,
which reduces device lifetime as the metal oxidizes. The work function of LiF may be
as low as 2.9 eV while previous metals had higher work functions: Al (4.28 eV), Mg
(3.66 eV). [48] In the study by Hung et al., the report concluded that LiF caused the
adjacent Alq3 band to bend down by more than 1 eV, reduce the barrier between the
Fermi level of Al and the LUMO level of Alq3. By reducing the electron insertion bar-
rier, the drive voltage of the OLED device (at 100 mA/cm2) was reduced from 13-17
V with MgAg and Al cathodes to 10 V, which results in higher electroluminescence
efficiency.
Figure 1.14: Schematic energy diagram of a p-i-n OLED device under operation.
From [49]. Copyright 2009 IEEE.
The OLED band diagram shown in Figure 1.14 includes the previously discussed
energy band bending at contacts, energy level shift under applied bias, and inter-
mediate bands within the emissive layer. [49] Holes and electrons are injected to the
LUMO and HOMO levels of the ETL and HTL through thin layers via tunneling.
The energy level gap from the emissive layer to the EBL prevents electrons from
reaching the HTL, where they might recombine with holes within the HTL or at the
anode. The HBL functions similarly to prevent holes from entering the ETL. The
hole and electron form a bound excitonic state with the emissive layer which has en-
ergy levels below the LUMO and HOMO due to the binding energy. Photon emission
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occurs through the transparent anode. The EBL and HTL are ideally wide bandgap
materials that do not absorb emitted photons.
1.4.3 Evaluating OLED Performance
I-V characteristics are important to understand the turn-on voltage of OLED de-
vices. I-V curves are taken with a source-measurement unit. Luminance-Voltage
characteristics are taken using a calibrated photodiode. OLEDs are measured with
spectrometers to characterize the emission spectrum. Finally, quantum efficiency is
an important cell engineering metric. Internal quantum efficiency refers to the num-
ber of photons created for each electron-hole pair injected at the electrodes. With
the introduction of phosphorescent OLEDs that capture triplet emission, internal
quantum efficiency can approach 100%. External quantum efficiency (EQE) is the
number of photons that emit from the OLED for each electron-hole pair injected
at the electrodes. Photons generated within the emissive layer often couple to sur-
face plasmons, emission to the substrate, waveguide modes, internal absorption, and
emission to air. [45] Emission to air, which is equivalent to EQE, is often 10-20%.
Improving the EQE (emitted light) of OLEDs is a topic of significant research.
1.5 Graphene
Graphene is a two-dimensional crystalline form of graphite, made up of a hexagonal
lattice of carbon atoms. Graphite was previously known in its other dimensional
forms: in 0D as fullerenes like C60; rolled into 1D nanotubes; or in the bulk 3D form
of graphite. The first 2D sheets of graphene were isolated by Novoselov and Gaim. in
2004 [51, 52]. A schematic image of graphene’s 2D “honeycomb” structure is shown
in Figure 1.15. Graphene has since garnered widespread interest for its excellent
electrical [50,53–56], mechanical [57–59], and optical [60] properties. Charge carriers
can travel thousands of interatomic distances in graphene without scattering.
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Figure 1.15: Three dimensionalities of 2D graphene films: 0D fullerene C60, 1D
nanotube, and 3D graphite. From [50]. Copyright 2007 Nature Publishing Group.
1.5.1 Graphene Electrodes for Organic Electronics
Graphene is a promising flexible, highly transparent, and elementally abundant elec-
trode for organic electronics. Recent work shows that graphene can be grown in large
areas with roll-to-roll fabrication [61] and used as a transparent and flexible elec-
trode for organic optoelectronic devices. [59,62,63] Graphene is an improvement over
current top-electrodes because it is highly transparent, compatible with roll-to-roll
processing, and avoids plasma sputtering. [64–66]
The current standard for transparent electrodes is indium tin oxide (ITO). ITO
electrodes commonly have sheet resistances less than 100 Ω −1, optical transmission
of about 90%, and practically unlimited scalability. These properties have made ITO
the predominant transparent conductor in the display and microelectronics industry.
The disadvantages to ITO are the low-throughput, expensive process, poor flexibility
of ITO films, and limited integration on top of organic electronics. ITO is a difficult
material to deposit on top of organic electronics because it diffuses into the relatively
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soft active layers, which alters the energy band structure of the organics. [67]
There are recent reports that graphene can replace ITO transparent anodes for
organic optoelectronics devices such as OLEDs and OPVs. Recently, graphene devices
have been demonstrated to have similar quality as ITO-based devices in an OLED
device [68] and an OPV device. [67] In 2010, Bae et al. introduced large area, roll-
to-roll graphene production with single-layer sheet resistances as low as 125 Ω −1
and 97.4% optical transmission. Multi-layer graphene films were recorded with sheet
resistances as low as 30 Ω −1 and 90% optical transmission. [61] Multi-layer graphene
films have similar optical transparency and lower sheet resistance than ITO, and
therefore are an eligible replacement. However, there is much work yet to be done
to increase the ability to integrate high-quality graphene with organic electronics.
In order to take advantage of graphene’s properties as a transparent electrode for
organic optoelectronic devices, we must solve the problem of integrating large-area
CVD graphene with organic thin-films.
1.5.2 Graphene Electrode Physics
Graphene is a zero-bandgap semiconductor with a density of states equal to zero at
the Dirac point. Graphene has a linear dispersion relation with Dirac fermions of
zero effective mass. In order to improve the conductivity of graphene, the density
of states must be adjusted by shifting the Fermi level away from the Dirac point.
The highest attained room temperature mobility of exfoliated and chemical vapor
deposition (CVD) grown graphene is in the range of 45-60,000 cm2V −1s−1. [69, 70]
In order to use graphene as an electrode for organic electronics, the work function
must have a good match to the HOMO/LUMO level of the organic semiconductor to
form an ohmic contact. The work function of graphene can be affected by chemical
substitution, electric field, and contact doping. Chemical substitution changes the
work function of graphene by substitution dopant atoms such as B or N in place of
carbon during synthesis. [71] Electric fields can alter the graphene fermi level by up to
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0.2 eV. [72] Contact doping can shift the graphene fermi level by up to 0.5 eV. [73] In
a previous study by Jo et al., the work function of an untreated multilayer graphene
film was found to be 4.58 ± 0.08 eV. [74] Interfacial layers can form interfacial dipoles
which alter the graphing work function by 0.05 to 0.33 eV. The graphene work function
was decreased by 0.33 eV to 4.25 eV by adding a WPF-6-oxy-F interfacial dipole layer;
the decrease in work function enabled the use of graphene as a cathode for an OPV
device. Nitric acid, HNO3, is an effective p-dopant for graphene films, which can shift
graphene’s work function by 0.13 eV. [61]
1.6 Objectives and Approach
This thesis concentrates on advancing the field of organic photovoltaics by investiga-
tions of photogenerated charge collection and optimization of optical absorption, and
the overall field of organic electronics by investigating the integration of graphene
electrodes in organic optoelectronic devices.
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Chapter 2
Nanostructured Electrodes
Improve the Fill Factor of Organic
Photovoltaics
2.1 Introduction
In this chapter we discuss improvements to OPV fill factor by inserting sub-optical-
wavelength nanostructured electrodes (NEs). The new electrode design improves FF
without compromising open-circuit voltage or short-circuit current. We attribute this
improvement to efficient charge collection by the NEs, which reduce recombination
in low-mobility organic semiconductors. NEs increase the fill factor of planar het-
erojunction devices with boron subphthalocyanine chloride (SubPc)/C60 from 28% to
40%. Electrical characterization and optical measurements indicate that NEs com-
pensate for reduced material volume and improve charge extraction in materials with
low mobility. Our findings suggest that NEs can be optimized for a given mate-
rial set to improve fill factor performance, which is important for improving organic
photovoltaic power conversion efficiency.
One reason OPV power conversion efficiency is low is due to low fill factor. OPV
CHAPTER 2. NANOSTRUCTURED ELECTRODES IMPROVE THE FILL
FACTOR OF ORGANIC PHOTOVOLTAICS 33
often have poor fill factor (FF) due to low charge carrier mobility and high bimolecular
recombination rates. Improving FF is important because power conversion efficiency,
ηp = FF · Voc · Jsc/Pincident (2.1)
is directly proportional to FF.
2.1.1 Recombination and Charge Transport in OPV Devices
Improving performance of heterojunction OPV devices is possible by understand-
ing the recombination mechanisms. Geminate pair recombination describes the re-
combination of an electron-hole pair at the D/A interface after dissociation. The
electron-hole pair have a Coulombic attraction, which drives recombination. Inter-
face recombination may also occur at defects and trap states at the D/A interface.
If the geminate pair (exciton) successfully dissociates, the electron-hole pair have
remaining recombination mechanisms via bimolecular recombination, defects, and
traps. Bimolecular recombination occurs when electrons traveling through the donor,
that remain near the D/A junction, recombine with holes in the acceptor. Bimolecu-
lar recombination is particularly harmful in BHJ devices which have a high interfacial
area. Bimolecular recombination is caused by low mobility and traps. Clarke et al.
found that polymer:fullerence BHJ OPV devices had localized trap states which in-
creased recombination. [75] They found that the trap state density was approximately
7 · 1017 cm−3 and could eventually be filled by increasing illumination intensity.
While the recombination mechanisms in organic photovoltaic devices share some
similarities with inorganic devices, differences in mobility, bound state energetics,
and impurities merit additional study. Organic photovoltaics are majority carrier
devices, while inorganic photovoltaics are minority carrier devices. In inorganic PV
cells, both electrons and holes travel through the same bulk material and have many
opportunities to recombine. After exciton dissociation in OPV cells, the separated
electron/holes travel through respective accepter/donor layers. In the ideal case, these
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charge carriers do not encounter opposite charges with which they can recombine.
The majority of recombination occurs at interfaces as bimolecular recombination. [76]
However, in real-world OPV devices the semiconductor material purity is less than
100%, which creates the opportunity for trap-assisted recombination.
Impurities play a primary role in the OPV recombination process. Research-
grade OPV materials are often available in purities of 95-99.9% and better. Further
purification via vacuum sublimation can achieve purities above 99.99%. Trap states
in the OPV devices affect performance via several routes: Photons may be absorbed
directly into the bandgap formed between trap and HOMO level. Second, excitons
may dissociate at the interface between bulk material and trap. Third, mobile charge
carriers in the bulk may be trapped by impurities. [77] Once the charges are trapped
they may recombine to the ground state or de-trap to the LUMO level with energy
from photons or phonons.
2.1.2 OPV Fill Factor
FF performance is one of the primary challenges facing OPV because most organic
semiconductors have poor charge mobility [78, 79]. OPV devices often have FFs of
40-60% while traditional silicon devices have FF >80% due to high minority charge
carrier mobility and long minority carrier lifetime which enables carrier diffusion
lengths up to ∼ 400 microns [33, 80]. Donor materials used in OPVs such as boron
subphthalocyanine chloride, squaraine, and MDMO-PPV have hole mobilities in the
range of 10−5 − 10−8 cm2V−1s−1, which are much lower than the electron mobility
of the common acceptor material C60, ∼ 10−2 cm2V−1s−1 [81–84]. Recombination
increases and FF decreases when organic semiconductor films are thicker than the
donor/acceptor (D/A) carrier diffusion lengths [18]. The performance is limited by
the lower mobility among the two materials, which means that extraction of the holes
is a priority for improving the cell [83, 85].
In a previous study of imbalanced mobility by Tress et al., the investigators note
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that poor FF associated with an “S-shaped” kink in the IV curve is a result of poor
transport of free charge carriers. [86] For balanced, high mobility materials, the charge
carriers are all extracted. In low mobility materials, a space charge region builds up
in the device, increasing electron/hole concentration near the D/A interface where
bimolecular recombination occurs. Previous investigations have improved OPV FF
through balancing the electron and hole mobilities. Chen et al. increased the FF
and Jsc of a CuPc/C60 OPV by doping the low-mobility CuPc with high-mobility
pentacene in order to improve hole extraction in the donor [87]. Li et al. showed
that FF was maximized by optimizing the BHJ mixing conditions to achieve an
electron/hole mobility close to unity [88]. Previous investigations have improved
OPV FF by modifying material crystallinity, introducing conductive molecules, and
modifying organic-electrode interfaces [89–92].
Though the previous studies demonstrate increased FF, a universal, material-
agnostic technique to improve charge collection efficiency would benefit the majority
of OPV devices. Ray et al. previously developed simulations revealing the potential
for optimized nanostructured electrodes (NEs) to increase OPV FF [85]. In this inves-
tigation we integrate an innovative device structure that improves OPV FF through
the implementation of optimized NEs.
Nanostructured three-dimensional electrodes improve effective mobility in organic
films by providing efficient hole- or electron- collection paths within donor and ac-
ceptor films, respectively [85]. Structured electrodes and inserted conductive nanos-
tructures have previously been shown to improve optical absorption and electronic
transport in OPV devices. Textured and photonic crystal electrodes can increase
OPV light-trapping, which increases Jsc, but do not improve charge collection effi-
ciency within semiconductor films because the electrode pitches are too large [93–95].
Nanostructured electrodes that improve light trapping have been investigated and
may enable ultra-thin OPV devices with high FF and Jsc [96]. Inserted nanostruc-
tures must be sufficiently small, in the subwavelength scale, to improve charge carrier
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transport in organic semiconductors.
Several groups have previously investigated conductive nanostructures in OPV.
Dispersed carbon nanotube NEs improve effective mobility in organic bulk hetero-
junction cells [90]. Confined NEs fabricated using templating achieve improved bulk
heterojunction OPV charge transfer [97]. Additional studies of embedded conductive
NEs were shown to improve FF [98–101]. Without careful control of dimensions,
conductive nanostructures can decrease FF by decreasing shunt resistance and cause
shorts through the D/A films [102]. In this paper we demonstrate optimized NEs,
which are designed to maximize FF for a small-molecule OPV material set.
2.2 Results and Discussion
2.2.1 Simulation and Theory
Ray et al. investigated optimal NEs for OPV devices via opto-electronic simulations
and found that NEs improve carrier extraction efficiency when added to planar het-
erojunction devices [85]. The simulation equations and boundary conditions are listed
in Figure 2.1. Nanostructured electrodes improve the performance of OPV devices by
two primary means: First, the NE reduce the transit time between the heterojunc-
tion and the electrode, which increases FF. A schematic of these effects is shown in
figure 2.3. The first effect mainly improves the FF performance under the maximum
power point, when the effective electric field has decreased as the external voltage
approaches Voc. The second effect reduces charge carrier recombination in the bulk,
causing an increase in Jsc.
Based on previous investigations by Ray et al., we developed a new electrode
design for the SubPc/C60 planar heterojunction device. The design rules for inserted
electrodes stipulate that the electrode pitch needs to be small - 100 nm or less - and
the electrode height needs to be about half of the film thickness and contained within
one material (Figure 2.2). NEs that cross the D/A junction decrease Jsc and FF
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Figure 2.1: The equations for carrier transport. Table adapted from Ray et al.’s
investigation. [85] Image Copyright 2012 IEEE.
by introducing an electric field that causes local charge accumulation. The inserted
electrode should be designed to collect holes in the donor material because mobility is
generally lower in the donor film. While the inserted electrodes remove active volume
from the OPV device, the current loss from the decreased volume is compensated by
improved charge extraction, causing Jsc to increase by a small percentage.
Via the general PHJ design rules summarized in the previous study we simulated
CHAPTER 2. NANOSTRUCTURED ELECTRODES IMPROVE THE FILL
FACTOR OF ORGANIC PHOTOVOLTAICS 38
Figure 2.2: The effect of inserted electrode height on the performance of a pla-
nar heterojunction OPV device. (a) Power conversion efficiency, (b) Short-circuit
current, (c) Open-circuit voltage, (d) Fill Factor. Figure adapted from Ray et al.’s
investigation. [85] Image Copyright 2012 IEEE.
and optimized an existing boron subphthalocyanine chloride (SubPc) / C60 planar
heterojunction device. The device structure is shown in Fig. 2.11. We fabricated
planar devices in order to create a table of known material and device parameters,
shown in Figure 2.4.
Based on simulations, we fabricated an NE device with a 100 nm two-dimensional
electrode pitch and a 30 nm electrode pillar height. The NEs are confined to the
low-mobility SubPc donor film. Based on the NE dimensions, OPV structure, and
material electrical and optical properties, the simulations predict that FF should
increase from 33% to 47%, while maintaining similar Voc and Jsc.
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Figure 2.3: The effect of inserted electrode height on the electric field and carrier
density. Figure adapted from Ray et al.’s investigation. [85] Image Copyright 2012
IEEE.
Figure 2.4: Experimentally measured and calculated simulation parameters for the
SubPc/C60 based photovoltaic device.
2.2.2 Applicability to Bulk Heterojunction OPV
Simulations show that nanostructured electrodes will not improve the FF of bulk het-
erojunction (BHJ) OPV devices. In BHJ devices the donor/acceptor layers form a
mixed active layer morphology. Therefore, the NE pillars will interact with the mixed
D/A films in four ways, explained as B0 through B3 and shown in Figure 2.6. In con-
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Figure 2.5: Simulated and experimental current-voltage characteristics of nanos-
tructured electrode and planar electrode devices.
Figure 2.6: The effect of the NE on a typical BHJ OPV device morphology is divided
into four cell structures: B0, B1, B2, and B3. [85] Image Copyright 2012 IEEE.
figuration B0, there is no NE and the device behaves like an ordered, vertical junction
PHJ device. In configuration B1, the NE remains exclusively in the donor film and
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Figure 2.7: The effect of inserted electrode height on the performance of a bulk
heterojunction OPV device. (a) Power conversion efficiency, (b) Short-circuit cur-
rent, (c) Open-circuit voltage, (d) Fill Factor. Figure adapted from Ray et al.’s
investigation. [85] Image Copyright 2012 IEEE.
will improve charge extraction from the low-mobility donor film. In configuration
B2, the NE is confined to the acceptor film, which causes carriers to be extracted
from the wrong electrode. In configuration B3, the NE crosses the donor/acceptor
interface. This scheme corresponds to the situation shown in Figure 2.2, and causes
decreased Jsc and FF; therefore, situation B3 is undesirable. The OPV performance is
broken down by metric in Figure 2.7. In BHJ OPV some individual NEs will improve
OPV performance while other NEs will degrade performance, therefore the overall
efficiency cannot be significantly improved.
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Figure 2.8: Silicon micropillars.
2.2.3 Fabrication
We initially began a study of etched Silicon nanopillar structures for photonics crys-
tals, shown in Figure 2.8, which are micron-sized. We used electron beam lithography
(EBL) to pattern polymer photoresist on Silicon and a cryogenic (-100◦C) SF6 ICP
etch process. Later, we elected to fabricate smaller nano pillar structures for thin-
film OPV. In an early attempt to produce large area nanostructured areas, we used
EBL to fabricate insulating photoresist masks with vias to an ITO substrate, which
we could then electroplate. Using this electroplating technique we hoped to achieve
large area controlled growth of conductive Ag nanopillars. Unfortunately, we found
that Ag nano pillar growth would either quickly grow out of control with poor uni-
formity (Figure 2.9a) or fill in the voids in a sparse pattern (Figure 2.9b). In order to
fabricate the NE nanostructured pillars, we used EBL and switched to an (inductively
coupled plasma) ICP reactive ion etching chemistry to produce fused-Silica nanopil-
lars less than 50 nm in height. Using EBL and ICP etching, we achieved a high level
of uniformity and reliability.
Fused-silica wafers were coated with 50 nm of ZEP520A electron-beam resist. 30
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Figure 2.9: Early attempts to fabricate nanostructured electrodes via Ag electro-
plating on ITO substrates, using an insulating photoresist mask with 20-50 nm vias.
(a) SEM micrograph showing uncontrolled growth of Ag nanopillars out of some vias,
but a complete lack of growth out of many vias. (b) SEM micrograph showing sparse
growth of Ag nanopillars.
nm diameter single shot voids were exposed with a JEOL JBX-6300FS electron beam
lithography system and developed. A 7 nm Cr film was thermally deposited, then
lifted off for 1 hr at 60◦C in Nano Remover PG to produce a Cr etch mask. The fused-
silica pillars were etched in an Oxford Instruments PlasmaLab System 100 using a
CHF3 / O2 chemistry. An advantage to this electrode fabrication process is that
patterning is performed on standard fused-silica substrates before the deposition of
organics or electrodes. A completed 4” wafer with 64 nanostructured OPV is shown in
a photograph in Figure 2.10a. The 4” wafer will be diced into 16 substrates with four
nanostructured OPV devices and four control OPV devices. An optical microscopy
image of a single OPV area is shown in Figure 2.10b.
The OPV device consists of a planar heterojunction with a SubPc donor and C60
acceptor. SubPc/C60 based OPV have recently attained ηp of 4.5±0.1% [103]. SubPc
has a high absorption coefficient of α−1 = 53.4 nm, as measured in deposited films,
broad visible absorption (Fig. 2.18) and a Voc >1 V [104]. Both NE and planar
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(a) (b)
Figure 2.10: (a) Photograph of a completed 4” fused-Silica wafer with 64 nanostruc-
tured OPV devices. Each nanostructured area is 1 x 1 mm. The wafer is diced into
16 individual substrates. (b) Optical microscope image of a single nanostructured
area which is 1 x 1 mm.
electrode devices have identical electrode metals and active layer films: 3 nm Cr
adhesion layer, 10 nm Au transparent anode, 5 nm MoO3 (molybdenum oxide) hole
injection layer, 40 nm SubPc electron donor, 40 nm C60 electron acceptor, 10 nm TPBi
(2,2’,2”-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)) exciton blocking layer,
and a 100 nm Al cathode [105] (Energy diagram in Fig. 2.12). The Cr/Au anode was
deposited on a rotating stage to achieve a conformal coating of the nanostructured
fused-silica pillars. The anode has a sheet resistance of 68 Ω −1. All electrodes,
inorganic, and organic films were deposited by thermal physical vapor deposition using
shadow masks. MoO3, SubPc, C60 and TPBi were used as received from Luminescence
Technology Corp. All depositions were performed at 1.0 Å sec−1 at less than 2 · 10−6
Torr. The device area is 0.01 cm2.
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Figure 2.11: Left: Schematic of a nanostructured electrode device. Right: A cross-
sectional SEM micrograph of a nanostructured electrode device. The scale bar is 100
nm.
Electrode Voc [V] Jsc [mAcm
−2] ηp [%] FF [%] Rsh [Ω cm
2] Rs [Ω cm
2]
Planar 0.95 ± 0.09 2.48 ± 0.29 0.65 ± 0.06 28.0 ± 2.1 752 ± 106 27.4 ± 1.16
NE 1.01 ± 0.05 2.90 ± 0.22 1.12 ± 0.12 40.3 ± 2.7 1490 ± 203 4.16 ± 0.57
Table 2.1: Performance characteristics of NE and planar devices. Planar data is
averaged over 12 identical devices. NE data is averaged over 9 identical devices.
2.2.4 Electrical Characterization
Experimental current-voltage (I-V) measurements show that NEs increase FF of the
OPV from 28% to 40% (Fig. 2.13). Higher FF causes an improvement in average ηp
from 0.65% to 1.18%. NEs also increase Jsc by an average of 17%. A summary of the
NE and planar electrode device performance is listed in Table 2.1. J-V characteriza-
tion is performed using a Keithley 2400 source meter and a Newport solar simulator
with an AM1.5 global tilt filter in a N2 environment. The dark current curves (Fig.
2.14) are taken in low-light conditions. The series resistance is calculated by taking
the inverse slope of the linear portion of the light current curve at 2 V, well above
Voc, RS = (
J
V
)−1. The shunt resistance is calculated by taking the inverse slope of
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Figure 2.12: An energy band diagram for the OPV device. All energy levels are
relative to the vacuum level and measured in eV [23,104,106].
the J-V curve at 0 V, Rsh = (
J
V
)−1 [107]. The S-shape of the light I-V curve results
from a high series resistance.
EQE is 2% higher in the NE devices than the planar electrode devices over the
wavelengths 300-650 nm (Fig. 2.15). The EQE spectra shown are averaged over two
reference planar devices and two NE devices. Details of EQE measurements can be
found in Appendix A. We conclude that the NE increases EQE as a result of improved
charge collection efficiency and generates increased Jsc.
2.2.5 Optical Characterization
Optical absorption simulations show that NE devices do not significantly alter the
device absorption profile or introduce any additional resonance peaks. The simulated
absorption profiles of the NE and planar electrode devices are shown in Fig. 2.16.
Simulations show that NE devices absorb 83% of the optical power of the planar
device. The NE device absorbs less due to decreased material volume which is oc-
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Figure 2.13: The measured J-V curve of a nanostructured electrode and planar
electrode devices. The solid red line is the light current curve of the nanostructured
electrode device. The dashed blue line is the light current curve of the reference
planar electrode device. The inset dashed squares show the definition of 100% FF
and the FF of each device type at the maximum power point.
cupied by the nanoelectrodes. Despite absorbing less optical power, the NE device
generates higher Jsc due to improved charge collection. The NE generates a resonant
peak around 625 nm, which is outside the absorption range of SubPc and does not
contribute to current [108]. The absorption profiles of NE and planar OPV devices
are simulated using rigorous coupled-wave analysis (RCWA) [109]. The cell absorp-
tion is simulated with 1020 + 1 harmonics in the x and y directions, and is found
to be accurate within ±0.26% when integrated over the AM 1.5 spectrum. RCWA
simulations are performed using the commercially available DiffractMOD simulation
package from the RSoft Design Group [109]. Material optical properties are measured
using ellipsometry or taken from the literature [110–113]. Film and nanostructure di-
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Figure 2.14: Measured dark J-V curve of nanostructured electrode and planar
electrode devices. The solid red line is the dark current curve of the nanostructured
electrode device. The dashed blue line is the dark current curve of the reference
planar electrode device. Inset: 2 x 2 cm substrate with eight devices.
mensions are taken from cross-sectional SEM micrographs.
We confirm the absorption simulations by measuring NE and planar device ab-
sorption with focused UV-Vis, Fig. 2.17. The NE does not modify the shape of
the device absorption profile. The NE device absorbs 87% of the optical power of
the planar device. The focused UV-Vis light source is an Energetiq LDLS and the
spectrometer is a Bruker Vertex 80 with a DTGS pyroelectric detector. Absorption
is calculated from the transmission spectra by 1 − T . Transmission is measured on
NE and planar devices without Al cathodes. The active layer absorption is calculated
by subtracting the absorption of the Cr/Au anode from the total device absorption,
which includes the MoO3, SubPc, C60 and TPBi films. Absorption profiles of three
devices are measured and averaged, then normalized to 0% outside of the SubPc/C60
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Figure 2.15: External quantum efficiency of nanostructed electrode and planar
electrode devices. EQE data are averaged for two identical planar electrode devices
and two NE devices.
absorption region (300-650 nm). The HeNe UV-Vis interferometer movement cali-
bration laser at 632.8 nm is removed from the absorption profile shown in Fig. 2.17.
The UV/Vis absorption data for SubPc and C60 films (Fig. 2.18) are measured
using a Perkins-Elmer Spectrometer with an integrating sphere; the absorption is cal-
culated as 1−T −R. The absorption of the fused-silica substrate has been subtracted
for both films. The film thicknesses were measured using atomic force microscopy
(AFM) and X-ray reflectivity. X-ray reflectometry (XRR) measures the intensity
of an x-ray beam reflected at grazing angles by the sample. XRR is a useful tech-
nique for measuring single-crystalline, poly-crystalline and amorphous films between
1-1000 nm in thickness. XRR is nondestructive and has sub-nanometer accuracy.
XRR works on the principle that x-rays reflect when incident upon film interfaces
and the reflections form oscillations that are measured in intensity. We used XRR
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Figure 2.16: RCWA simulation of active layer absorption in NE and planar electrode
OPV devices.
to confirm previous AFM and contact profilometer thickness measurements. Precise
absorber thickness measurements are used to determine the optical absorption length,
α, of the materials.
2.3 Conclusion
In this chapter, we show that inserted nanostructured electrodes significantly improve
the fill factor of planar heterojunction OPV devices. We demonstrate improved fill
factor small-molecule OPV devices by increasing charge extraction efficiency from a
low-mobility film. We also show that open-circuit voltage and short-circuit current
are not adversely affected by the inserted NEs. NEs increase the fill factor of an OPV
device with SubPc/C60 from 28% to 40%. Although NEs reduce optical absorption
through active volume loss, this effect is more than compensated for by improved
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Figure 2.17: Active layer absorption measurement and RCWA simulation. Lines
show the active layer UV-Vis absorption measurement with substrate and anode sub-
tracted. Absorption data is averaged over two identical planar electrode devices and
three nanostructured electrode devices. Points show RCWA active layer absorption
simulation. Inset: SEM micrograph of NE array before deposition of organic material.
charge collection.
The fill factor optimization strategy can be optimized for any planar heterojunc-
tion device with low fill factor caused by poor mobility. Improved charge extraction
can enable the use of thick, low-mobility films in OPV devices for more complete
optical absorption.
A future improvement to the device fabrication process is the integration of NE
made directly in ITO, instead of coating patterned fused-Silica glass with thin, trans-
parent gold. An SEM micrograph of this preliminary structure is shown in Figure
2.19.
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Figure 2.18: Absorption profile of neat SubPc and C60 films on fused-silica. The
substrate absorption has been subtracted. Films are 23 nm thick as measured by
AFM and X-ray reflectivity.
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Figure 2.19: SEM micrograph of nanostructured electrodes patterned directly on
ITO substrates, bypassing the need for etching of glass and coating with thin, con-
ductive gold.
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Chapter 3
Simultaneous Optimization of
Absorption and Carrier Collection
in OPV
3.1 Introduction
OPV efficiency is typically limited by poor carrier-collection efficiency due to the short
exciton diffusion and carrier-recombination lengths in OPV active layers. There is a
fundamental trade-off in designing organic photovoltaic (OPV) devices because the
exciton diffusion length LD is usually much less than the optical absorption length
(1 / α). The exciton diffusion length is commonly in the range of 5 - 20 nm. While
the short exciton diffusion length restriction could be addressed by fabricating OPVs
with thin active layers for efficient carrier extraction, this results in decreased optical
absorption. For example, the exciton diffusion length in active layers such as boron
subphthalocyanine chloride (SubPc), the dominant absorbing material considered in
this study, is typically on the order of 10 nanometers [114–116], while the absorption
length of SubPc is ≈ 53nm in the visible. The absorption and exciton diffusion
challenge limits the performance of OPV devices.
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In this chapter, we describe a general method for maximizing the short-circuit cur-
rent in thin planar heterojunction (PHJ) OPV devices by simultaneous optimization
of light absorption and carrier collection. We investigated very thin OPV devices
with optical concentrators to improve absorption, which overcomes the traditional
design constraint of choosing between either high exciton collection (LD) or high op-
tical absorption (1 / α). We study a simple question to address this trade-off in light
absorption and carrier collection: for a given absorber with experimentally obtained
complex refractive indices [Figure 3.2(b)] and internal quantum efficiency ηi [Figure
3.3], how can we systematically optimize the cell performance? This framework is ap-
plicable for a wide range of OPV devices. We experimentally measured the complex
refractive indices of the OPV materials and the thickness-dependence of the internal
quantum efficiency of the OPV active layer. We used this data to analyze the poten-
tial benefits of light trapping strategies for maximizing the overall power conversion
efficiency of the OPV device. This approach provides a general strategy for optimiz-
ing the power conversion efficiency of a wide range of OPV structures. The carrier
collection efficiency and photon absorption are optimized simultaneously for different
active layer thicknesses and light trapping via a patterned top electrode.
Our OPV design methodology simultaneously optimizes internal quantum effi-
ciency and optical absorption. We first estimate the optimal thickness of the OPV
stack electrically with the spectrally averaged internal quantum efficiency η̄i as a
function of OPV thickness. Second, we numerically optimize the patterning of an
indium tin oxide (ITO) transparent top contact to maximize the photon collection
within the active layer. To confirm that the optimal structure is achieved, additional
optimizations of the ITO pattern are performed for slightly thinner or thicker active
layers. While we focus on the SubPc/C60 OPV material set, the approach can be ap-
plied to any thin-film photovoltaic stack with well-characterized optical and electronic
properties.
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Figure 3.1: The physical structures of previous light trapping strategies applied to
photovoltaic devices: a) 3D parabolic light reflectors. b) Planar antireflection nanos-
tructures. c) Surface nanostructures to increase light trapping. d) Nanostructured
slot waveguides which couple modes into the absorber. Reprinted with permission
from [117]. Copyright 2012 Nature Publishing Group.
3.1.1 Improving OPV Absorption
Control of solar cell optics is vital to maximizing photovoltaic power conversion ef-
ficiency. When sunlight is incident on photovoltaic devices, the radiation will either
reflect off the surface, absorb in the cell, or transmit through the cell. In order to
extract the maximum power from incident radiation, the absorption should be max-
imized. Antireflection mechanisms, including quarter-wave coatings, texturing, and
light trapping increase the absorbed radiation. In 1981, Yablonovitch investigated
antireflection coatings using statistical ray optics to conclude that light-trapping
schemes can increase the absorption factor by a maximum of 4n2/sin2θ, where n
is the refractive index of the surface and θ is the angle of the emission cone in the
medium around around the surface. [118] The ray tracing approach is applicable to
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thick photovoltaic devices, which are usually much thicker than the wavelength of
light they absorb. Many researchers are currently investigating whether ray optics-
based enhancement factors are applicable to organic photovoltaic devices with layers
much thinner than the wavelength of light. Yu et al. numerically demonstrated that
the 4n2 Yablonovitch limit was correct only for bulk structures. By coupling multiple
waveguide modes into the absorption layer, an absorption enhancement of 12 × 4n2
was achieved. [119] This discovery, along with other recent photovoltaic optics re-
search, can help create better designs for OPV antireflection coatings. Additional
recent photovoltaic device light trapping strategies have included photonic crystal
structures in the active material [120–123], metallic nanostructures patterned on the
active layer [124–127], and dielectric gratings, which have been shown to confine light
in the form of a resonance mode resulting in an enhancement of photon absorption
in the underlying active layer [128–131]. An alternative approach to enhanced light
trapping is building multiple junctions within one PV device.
Multijunction photovoltaics use multiple heterojunctions which absorb different
fractions of the solar spectrum. The optical absorption of each sub-device depends
on the band gap of the semiconductor materials. Series multijunction photovoltaics
increase the voltage output at the electrodes, while maintaining the original current.
When multijunction photovoltaics are in a series configuration, care must be taken
to balance the current provided by each individual cell; the current output in a series
configuration is limited to the output of the worst individual cell. The maximum
efficiency from a multijunction photovoltaic cell with ideally designed band gaps is
above 60%. [32] Fabricating and matching the current of many individual cells in
one multijunction device is an engineering challenge. In practice, the best research
multijunction cells have three junctions and achieved efficiencies of around 44%. The
best research multijunction OPV devices have efficiencies of around 11%. [132] It
is clear that multijunction photovoltaic devices offer great efficiency enhancements;
however, the complex fabrication and increased cost of these devices means that
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alternative methods to increase absorption are in demand.
3.1.2 OPVs with Light Trapping and High Quantum Effi-
ciency
We modeled the optical absorption of the OPV device using rigorous coupled-wave
analysis (RCWA) [109]. We find that in general for a variety of organic active media,
the light trapping modes can be classified into two types: “gap” modes [135–140], as
well as localized resonances in the ITO grating [128]. We find that the gap mode,
which arises in an optically thin low-index material sandwiched between two high-
index media, can be formed in the absorbing layers surrounded by a high-index
medium such as ITO and a metal electrode. By introducing gap modes for light
trapping, the enhancement increases by 20% (for 1D rectangular gratings, or 12%
for triangular gratings) for TM polarized light, compared with the enhancement only
Figure 3.2: (a) Schematic showing the structure of the inverted UTOP with a
patterned ITO layer on a 10/20 nm SubPc/C60 absorbing heterojunction layer. (b)
The real part (n) and the imaginary part (κ) of the refractive index of ITO (blue) [133],
C60 (green) [110], and SubPc (red) [134].
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attributed to the dielectric resonance modes. We extend our design approach to con-
sider two dimensional geometries, thereby eliminating the polarization dependence
of the absorption enhancement. Using two-dimensional gratings comprised of ITO
blocks, we find efficient mode conversion from normally-incident solar radiation into
gap modes in the absorbing layers sandwiched by the bottom metallic contacts and
patterned top ITO contact.
For the device with the highest ηi which occurs for a SubPc/C60 thickness of 30 nm,
the optimal ITO grating is found to substantially enhance Jsc [Fig. 3.3 (inset)]. Thus,
high gains are possible short circuit current for very thin structures, as was shown
previously using a variety of light trapping strategies. However, if the trial material
thickness is increased just slightly, this light-trapping advantage all but disappears.
Specifically, for an SubPc/C60 layer thickness of 45 nm, we find that the ITO grating
provides only a marginal Jsc enhancement of ≈ 5% (Jsc = 1.964 mA/cm2) over a
planar cell with the identical absorbing layer and an optimized ITO layer. This result
underscores the fine balance between light trapping and carrier collection: to derive
the optimal cell, light trapping and carrier collection must be considered together.
3.2 UTOP Cell Efficiency
In this chapter we study the small-molecular OPV SubPc/C60 as a trial system.
Figure 3.2(a) shows the schematic of a solar cell composed of a SubPc/C60 donor/ac-
cepter (D/A) planar heterojunction active layer, sandwiched by a reflecting aluminum
cathode below and an ITO anode above. In the following discussion, the ratio of thick-
nesses of SubPc/C60 is set at 1 : 2, which is experimentally optimized for the cell’s
electrical performance. A 5 nm thick 2,2’,2”-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi) layer and a 5 nm thick MoO3 layer are inserted between the
OPV layers and electrodes as exciton blocking and hole extraction layers, respectively.
The OPV devices are prepared by vacuum physical vapor deposition.
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Figure 3.3: Measured ηi for the planar OPV devices with SubPc/C60 of different
thicknesses. The ratio of the thicknesses of SubPc:C60 = 1 : 2. The inset shows
the average quantum efficiency weighted by the solar spectrum over the relevant
wavelength range.
3.2.1 Power Conversion Efficiency
We measured ηi values of the trial material’s active layer stack. To measure ηi, we
fabricated planar devices with active layer thicknesses from 30 nm to 75 nm in 15 nm
steps. We measured Jsc(λ) in response to spectrally filtered broadband illumination,
using a beam chopper and lock-in amplifier to reduce background.
We measured the transmission and reflection spectra of each active layer by
UV/Vis spectrometer; absorption was calculated as A = 1 − T − R. The absorp-
tion of each device is shown in Figure 3.5. The UV/Vis absorption data for OPV
films was measured using a PerkinElmer LAMBDA 950 spectrophotometer with an
integrating sphere. A diagram of sample placement for transmission and reflection
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Figure 3.4: Measurement of optical absorption using an integrating sphere. Image
Copyright PerkinElmer, 2004.
measurement is shown in Figure 3.4. The transmission and reflection of the actual
device architecture of MoO3 (10 nm) / SubPc (x nm) / C60 (2x nm) / TPBi (10 nm)
on ITO glass (LumTec) were measured. In both cases the glass side of the sample
faces the light source (same configuration as EQE measurements). To measure the
transmission the substrate was mounted on the transmittance sample holder on the
optical path prior to the integrating sphere. To measure the reflectance the substrate
was mounted at the reflectance sample holder at the rear of the integrating sphere.
The total device absorption is calculated as A = 1 - T - R. The absorption of the
ITO glass substrate was calculated as A = 1 - T - R and subtracted from the total
device absorption.
We calculated internal quantum efficiency, ηi, as the ratio of the number of ex-
tracted electrons to the number of absorbed photons. Figure 3.3 shows the measured
ηi of devices composed of a planar SubPc/C60 layer of different thicknesses. When the
active layer thickness is on the order of the exciton diffusion length, Jsc(λ) depends
strongly on the OPV thickness, while the open-circuit voltage (Voc) and the fill factor
(FF) do not vary significantly with the film thickness due to the maximal extraction
of carriers before they recombine. A table showing the invariance of Voc and FF is
shown in Table 3.1. For very thin OPV cells with small series resistances (Rs) and
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Figure 3.5: Measured absorption of SubPc/C60 layers with different thicknesses.
The absolute absorption measurement is used to calculate internal quantum efficiency
from EQE measurements.
large shunt resistances (Rsh), changes in Rs due to varying active layer thickness do
not have a large effect on the FF or Voc. [141,142]. The short-circuit current density







where Φ(λ) is the solar irradiance spectrum and A(λ) is the photon collection effi-
ciency of the cell. [143] The power-conversion efficiency of the cell, defined as ηp =
FF ·Voc ·Jsc/Pin, is maximized when Jsc is maximized. Pin is the incident solar power.
For the remainder of this paper, we use Jsc as the figure of merit of our cell structures.
3.2.2 Photon Collection Efficiency
The ITO layer composed of 1D or 2D gratings acts as a resonator that causes light
confinement in the gratings resulting from the destructive interference between the
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Device thickness [nm] Voc [V] FF [%]
30 1.088 ± 0.014 58.5 ± 1.7
45 1.073 ± 0.017 55.4 ± 0.8
60 1.066 ± 0.004 60.9 ± 1.3
75 1.022 ± 0 60.7 ± 0.6
Table 3.1: Performance characteristics of UTOP devices, show invariance of FF and
Voc with thickness. The absolute values and standard deviations are shown.
reflection at the dielectric interfaces at different heights. The gratings also provide
perturbations in k-space, and induce a field component normal to the interface (ẑ)
[144]. Photons are therefore coupled into surface plasmon (SP) polariton modes
formed on the dielectric-metallic interface and experience stronger interaction with
the active layer.
A gap-plasmon mode (gap mode) is the enhanced SP mode within a thin layer of
low index dielectric material (a gap) introduced in the high-index dielectric cladding.
A similar enhancement of the field confinement has been demonstrated in dielectric
slot waveguides [135–137]. In this case, a dielectric slab waveguide is modified by
inserting a low-index dielectric layer with the slot located in the middle of the slab;
this slot supports a transverse magnetic (TM) mode. In the electrostatic limit, when
the slot width is much less than the wavelength, the field intensity inside of the slot,
as compared with the intensity inside the slab, can be determined by the continuity


















The subscripts w and s stand for the waveguide and the slot, respectively. This
intensity increase results in an absorption increase by the same factor.
Enhanced SP modes have been observed in a system composed of a narrow low
index gap layer sandwiched between a high index dielectric waveguide and a metal
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surface [138–140]. In the photovoltaic device considered here, the gap mode occurs in
the SubPc layer because ITO and C60 have higher indices. The strongly confined gap
mode has a large in-plane electric-field component, which leads to increased optical
absorption in the lower-index active layer.
3.3 Numerical Optimization of Top Contact Pat-
terning
The real (n) and imaginary (κ) parts of the refractive indices of SubPc and C60,
(extracted from [110, 134],) are shown in the red and green lines in Figure 3.2(b),
respectively. As defined in Figure 3.2(a), the transparent patterned layer has a thick-
ness of h1, an etch depth of h2, a ridge width of d, and a periodicity of a. The ñ of
ITO is shown in the blue lines in Figure 3.2(b) [133]. The refractive index of MoO3 is
obtained from [145] and the index of TPBi is obtained by ellipsometry [black line in
Figure 3.2(b)]. The software fitting step of the measurement of the refractive indices
using ellipsometry is shown in Figure 3.6.
RCWA simulations are performed for the 2D grating geometry using the commer-
cially available DiffractMOD simulation package from the RSoft Design Group [109]
to investigate the dependence of the light absorption in the active layer versus all
parameters h1, h2, a, and d. We use a gradient search algorithm to optimize all
four free parameters simultaneously. For 2D simulations, 11 Fourier harmonics are
used in the x-direction. For 3D simulations, 11 Fourier harmonics in both the x- and
y-direction are used. For all numerical calculations, plane waves in free space are
employed to model the incoming solar light, with periodic boundaries in the in-plane
(x − y) directions. For all optimizations, we require that the ITO has a minimum
thickness of 10 nm to maintain a continuous top contact, as was done in [128]. The
Air Mass 1.5 solar spectrum (global tilt, ASTM G173-03 (2008) [146]) from λ = 350
nm to 650 nm, where the SubPc/C60 stack possesses non-zero ηi [see Figure 3.3(b)], is
CHAPTER 3. SIMULTANEOUS OPTIMIZATION OF ABSORPTION AND
CARRIER COLLECTION IN OPV 65
Figure 3.6: Measurement of complex refractive indices of OPV materials using a
J.A. Woollam Co. spectroscopic ellipsometer, followed by curve fitting to obtain the
n and k values.
used for all calculations. A plane wave source is launched at normal incidence, except
for calculations where a specific angle of incidence is explicitly stated.
According to the spectrally averaged internal quantum efficiency, η̄i, in Figure 3.3,
the optimal thickness of the SubPc/C60 layer is estimated to be 30 nm (with thick-
nesses of SubPc/C60 = 10 nm/20 nm). We start with a 30-nm thick SubPc/C60 stack
and compare all thin-film structures with a planar reference cell with an unpatterned
ITO anode with an optimized thickness of 160 nm; the reference photocurrent for this
cell is Jsc = 1.142 mA/cm
2. Thinner ITO anodes can produce higher reference Jsc.
We chose 160 nm thick ITO for the reference cell to because thinner ITO cause higher
sheet resistance [142] (see the following section for details of the ITO anode optimiza-
tion). Patterned cells also demonstrate higher Jsc than the improved reference Jsc of
thin devices with < 160 nm of ITO.
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Figure 3.7: (a) Scheme of the unpatterned cell composed of a planar ITO anode.
(b) Jsc versus the ITO thickness of the unpatterned cell.
3.4 Designing the Optimal Control OPV Device
with a Planar Top Contact
In this study, the control device is an OPV cell with a planar ITO top contact. No
patterning is performed on this ITO contact. The thickness of the ITO top contact
will affect the optics inside the active layer of the OPV device. In this study we also
qualitatively consider the ITO sheet resistance when deterring the ideal planar ITO
electrode.
To calculate the photon absorbance of the solar cells enhanced by the ITO gratings,
we compare the Jsc of all structures with that of the unpatterned structure that has
the optimal thickness of the ITO anode. Figure 3.7(b) shows the photocurrent as
a function of the thickness of the unpatterned ITO layer. Note that Jsc reaches its
first local maximum of Jsc = 1.372 mA/cm
2 when the ITO is about 5 nm thick. We
determine that this ITO thickness is too thin and therefore too resistive. Sputtered
ITO films are also commonly crystalline and have high roughness, therefore this film
may not be continuous or difficult to fabricate at this thickness. Therefore we choose
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Figure 3.8: (a) Map of Jsc versus the period of the 1D pattern, a, and the width of
the ridges, d, for TE polarized light. (b) The photon-collection efficiency spectrum
of the optimal structure. (c) The intensity distribution of the electric field of the
optimized case at wavelength λ = 612 nm, where the difference of photon collection
efficiencies reaches the maximum.
Figure 3.9: (a) Map of Jsc versus the period of the 1D pattern, a, and the width of
the ridges, d, for TM polarized light. (b) The photon-collection efficiency spectrum
of the optimal structure. (c) The intensity distribution of the electric field of the
optimized case at wavelength λ = 490 nm, where the refractive index of SubPc is
lowest.
the local maximum ITO thickness of 160 nm as the unpatterned reference, which is
closer to the thickness of commercial ITO films on glass. At a 160 nm thickness, the
Jsc reaches a local maximum of Jsc = 1.142 mA/cm
2.
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3.4.1 1D Gratings
We first focus on the absorption in the active layer for TE polarized light (with
only one ~E component, Ey). In this case, neither SP modes nor gap modes exist.
In Figure 3.8(a), we show Jsc of the structure with the optimal h1 = 200 nm and
h2 = 200 nm as determined by the numerical simulations, for different combinations
of the ridge period, a, and ridge width, d. A maximum Jsc = 1.498 mA/cm
2 occurs
at (a, d) =(580nm, 70nm). The optimized Jsc is 31% larger than that of the reference
cell. The spectra of the photon collection efficiency of the optimized structure and the
unpatterned reference are shown in Figure 3.8(b). Figure 3.8(c) shows the intensity
distributions of the electric field along the cross-section of the optimal structure at
λ = 612 nm, where the photon collection efficiency increases the most when compared
with that of the planar reference cell. As expected, a resonance mode is confined in
the ITO grating. This result agrees with the enhancement obtained in a previous
study of enhanced light trapping in organic solar cells with dielectric photonic crystal
structures as the top-surface layer [128].
With this technique, we can only induce gap modes with TM polarized light (with
only one ~H component, Hy), because the gap mode results from the enhancement of
the SP mode. For comparison, we perform a similar calculation for TM polarized light
and show, in Figure 3.9(a), the impact on the Jsc of varying the grating period and
the ridge width, using the optimized thickness of the ITO layer and etching depth
(h1, h2)=(170 nm, 170 nm). The optimal structure has (a, d)=(400 nm, 160 nm)
and the calculated Jsc = 1.570 mA/cm
2 corresponds to an increase of 38% over the
unpatterned reference Jsc. Compared with the optimal value for TE polarized light,
which does not couple to gap modes, the Jsc is 4.8% higher and the enhancement of Jsc
is 20% larger, which agree with our expectation for the contribution of the gap modes.
Figure 3.9(c) shows the clear presence of a gap mode enhancing the absorption in the
SubPc layer at λ = 490 nm, where the light trapping in the dominant absorbing
material, SubPc, is most obvious because of the lower refractive index of SubPc.
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Figure 3.10: (a) Schematic of the ITO grating composed of triangular ridges. (b),
(c) The spectral collection efficiencies in the active layer for TE and TM polarized
light. (d) The intensities of the electric field for the optimal structure for TE polarized
light at λ = 458 nm. (e) Electric field profiles for TM polarized light at λ = 490 nm.
The plasmonic and polarization dependence of the light-trapping enhancement
shows the importance of the patterning geometry. Thus, the square-shaped ridges
are replaced with a triangular shape to achieve better coupling between the normal-
incident electric field and the SP mode. Triangular gratings cause a larger perturba-
tion in k-space for the same volume of material as compared with square gratings,
and they possess a strong second order harmonic which does not occur in the square
grating due to its odd inversion symmetry. It is therefore expected that triangle
gratings will provide better coupling from the incident light to a guided mode propa-
gating along the metal back mirror [147,148]. This triangular photovoltaic structure
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is shown in Figure 3.10(a). Figures 3.10(b) and 3.10(c) plot the spectral photon col-
lection efficiencies of the triangular structure versus that of the reference structure.
The optimal structure for TE polarized light has h1 = h2 = 40 nm, a = 400 nm, and
d = 160 nm, and for TM polarized light, the optimal structure has h1 = h2 = 200 nm,
a = 370 nm, and d = 170 nm. The Jsc for TE polarized light is 1.553 mA/cm
2 and the
Jsc for TM polarized light is 1.603 mA/cm
2. Both Jsc are larger than the optimized
Jsc of the rectangular grating. The Jsc can be enhanced by up to 40% over that of the
unpatterned reference; the enhancement resulting from both the resonance and gap
mode (TM) is 12% larger than the enhancement contributed by only the resonance
mode (TE).
The photon collection efficiencies of the optimal gratings for TE and TM polarized
light are shown in Figures 3.10(b) and (c), respectively. Figure 3.10(d) shows well-
confined resonance modes in the ITO layers at wavelength λ = 458 nm for the optimal
cell for TE polarized light. Figure 3.10(e) shows the electric-field intensity at λ = 490
nm for the optimal cell for TM polarized light. Note that the index of the SubPc
layer is lowest. Aside from the resonance mode, a strong gap mode is observed in the
SubPc layer.
3.4.2 2D Block and Cone Arrays
To eliminate the polarization dependence of the absorption, we extend the pattern
structure from one to two dimensions. As shown in Figures 3.11(a), we consider a
square array of ITO rectangular blocks and cones. We calculate that the optimal
block array is given by h1 = h2 = 160 nm, a = 510 nm, and has a side length
of d = 360 nm to yield Jsc = 1.604 mA/cm
2. The Jsc is enhanced by about 41%
over that of the unpatterned reference. The photon collection efficiency spectrum,
A(λ), of the optimal block arrays is shown in Figure 3.11(b). Gap modes still play
an important role in the overall light confinement; for instance, Figure 3.11(d) shows
strong gap modes in the intensity of the electric field at λ = 490 nm.
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Figure 3.11: (a) Schematic of the cells composed of ITO blocks or cones in a square
lattice. (b), (c) The spectral photon collection efficiency for the optimal block and
cone arrays. (d), (e) The intensity distributions of the electric field of the optimized
case, viewed in a cross-section which crosses the axis y = 0, at λ = 490 nm for the
optimal block and cone arrays, respectively.
We investigated a 2D array composed of cones in a square lattice with the same
motivation as for the case of 1D triangular gratings presented above. The optimal
structure of the cone array has the dimensions of h1 = h2 = 180 nm, a = 390 nm,
and d = 240 nm, and the optimal Jsc = 1.664 mA/cm
2. This structure has a Jsc that
is enhanced by 46% over that of the unpatterned reference. Figure 3.11(e) shows the
intensity distribution of the electric field at the estimated SP wavelength, λ = 490 nm.
A strong gap mode is formed in SubPc, accompanied by a highly confined resonance
mode induced closer to the active layer. The increase in Jsc in the cone array is 12%
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Figure 3.12: Jsc versus incident angle, φ, for the optimal block (a), and cone arrays
(c). The black solid and dotted lines represent the φ–dependence of Jsc along the
lattice (θ = 0◦) and a diagonal (θ = 45◦), and the red lines is for the unpatterned
references.
larger in magnitude than the increase achieved by block arrays.
3.4.3 Incident-angle Dependence
One important property of photovoltaic devices is tolerance to the angle of incident
light. Figure 3.12 shows the incident angle dependence of Jsc for the optimal block
and cone arrays. For all structures, the Jsc of the 2D arrays is highest when light is
close to normal incidence. The Jsc of the patterned devices remain greater than that
of the unpatterned reference for all angles of incidence until φ > 80◦.
3.5 Discussion
The Jsc of our SubPc/C60 OPV device is maximized by optimizing the optical absorp-
tion for different active layer thicknesses and choosing the thickness that corresponds
to the highest overall Jsc. Figure 3.13(a) shows that the Jsc of the cell composed of
the 2D block array (solid line) reaches a maximum Jsc = 1.964 mA/cm
2 when the
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Figure 3.13: Jsc of 2D block arrays (solid line) and planar cells (dotted line) opti-
mized for different UTOP thicknesses. The ratio of the thickness of SubPc:C60 is 1:2.
(b) The enhancement of Jsc for block arrays compared with the optimal planar cells
with corresponding SubPc/C60 thicknesses (solid line) and the enhancement over the
planar reference having a 45 nm thick SubPc/C60 layer (dotted line).
thickness of SubPc/C60 is 45 nm (with thicknesses of SubPc/C60 = 15 nm/30 nm).
This value corresponds to the trade-off between increasing photon absorption and
decreasing ηi with increasing active layer thickness. However, for the 45 nm thick
SubPc/C60 thin film the increase in Jsc is only ≈ 5% [Figure 3.13(b)]. The Jsc en-
hancement shows that the enhancement in Jsc, compared with the optimal planar cell
with corresponding active layer thickness, is much lower than in the thickest OPV
devices [solid line in Figure 3.13(b)]. The dotted line in Figure 3.13(b) shows the Jsc
enhancement compared with the optimal planar cell with a 45-nm thick active layer.
It may be possible to further increase Jsc over the optimal planar case by replacing
top grating structures considered here with self-similar or fractal structures or other
complicated pattern geometries. Fractal structures, which are inspired by nature,
have been shown to provide multi-band or wide-band light trapping [149, 150] for
coupling normal incident light into propagating modes in an active layer. Also, as re-
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cently proposed, a quasi-periodic grating as a scattering layer on the top of the UTOP
stack can provide strong and broadband light confinement in an ultra-thin active
layer [151]. With these techniques, photon absorption in thin film can be enhanced
beyond the limit of 4n2/ sin2 θ. Though nearly 100% ηi has been reported in the pre-
vious work for thin-film organic photovoltaic cells with a 80 nm thick P3HT/PCBM
blend [37], the light trapping strategies in our approach described above can still be
useful to significantly enhance the cell efficiency by increasing absorption.
3.5.1 Light Trapping Polymer Nanostructures
Light trapping nanostructures can also be fabricated with a polymer grating directly
on top of a thin, unpatterned planar ITO anode. For a surface polymer grating
consisting of SU-8, a high-index (n ≈ 1.7) transparent polymer material commonly
used as a photoresist, we calculate an optimal 2D block array with h1 = h2 = 190 nm,
a = 580 nm, and d = 390 nm for a planar ITO electrode of 10 nm on a 30-nm thick
active layer. In order to compare the optical performance of a polymer grating with
an ITO grating, the rest of the structure remains identical. The optimized Jsc for the
polymer grating composed of 2D block array can achieve 1.534 mA/cm2 and the Jsc
enhancement is 34% over the unpatterned reference device. Although the Jsc increase
is slightly lower than that of the cells with ITO gratings, the polymer gratings can be
an effective alternative because of the substantial decrease in fabrication cost. Note
that the ITO electrode should be thick enough to suppress the series resistance of
the device. Based on previous studies, the sheet resistance of a 10-nm thick ITO
electrode is much larger than metal thin films of the same thickness [152]. ITO
remains competitive with new alternatives for transparent electrodes such as graphene
and carbon nanotubes [153–155].
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3.6 Conclusions
We describe a general method for optimizing the power conversion efficiency in thin
planar heterojunction OPV cells by simultaneous optimization of carrier collection
and light trapping. When applied to the trial OPV device with SubPc/C60, we
find that for a thin 30 nm active layer, we can achieve a 46% improvement in Jsc, as
compared with an optimized planar OPV device. Moreover, the optimized patterning
geometry also improves the angle-of-incident tolerance, yielding nearly constant short-
circuit current up to an angle of incidence of about 80◦ from the vertical.
When we optimize the short-circuit current simultaneously for carrier collection
and light trapping, the best cell is not the thinnest cell, or the cell with the highest
IQE. Moreover, the eventual optimal cell, with a 45 nm thick SubPc/C60 layer, derives
only a small 5% enhancement in photocurrent to Jsc = 1.964 mA/cm
2 compared to
the optimized unpatterned reference cell. For other materials, the balance between
light trapping and carrier collection will point to a different optimal cell geometry.
This geometry might strongly favor light trapping in materials with a lower diffusion
length than the trial material considered here. An alternate structure, which replaces
the ITO top structure with a stampable polymer grating, yields a 34% enhancement
in Jsc for the 30 nm thick device and would simplify fabrication.
Our results show that the simultaneous optimization of light trapping and carrier
collection in a planar heterojunction OPV cell can generally improve the overall device
performance, but the increase in light trapping only marginally improves some OPV
devices. If the extra cost of fabrication is taken into account, complex OPV light
trapping strategies may not be appropriate. On the other hand, we note that light
trapping techniques can greatly improve ‘bad’ OPV materials with low absorption
or short exciton diffusion and carrier-recombination lengths, opening up the design
space for OPV cells. Light trapping may also be more beneficial for multijunction
cells, which constrain the choice of OPV materials to systems that are less optimal
for a given wavelength range than what is possible in single-junction cells.
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Chapter 4
Graphene Electrodes on Organic
Thin-Film Devices via Orthogonal
Chemistry
4.1 Introduction
Integration of graphene electrodes with organic semiconductor devices has been widely
investigated due to graphene’s promising conductivity, flexibility, and transparency.
Cox et al. previously explored the integration of single-layer graphene cathodes for
organic photovoltaics. [156] In this study, a single graphene layer was transferred to
a polydimethylsiloxane (PDMS) stamp and physically laminated on top of an OPV
device stack. The graphene is strongly adhered to the PDMS stamp, and not to
the organic thin-films; therefore, the stamp is left in contact with the device during
characterization, shown in Figure 4.1. This previous study demonstrated that OPV
devices with highly transparent cathodes and anodes can be highly transparent. A
commercial OPV application enabled by highly transparent devices with electrodes
like graphene is architectural or window-based PV. Another recent investigation also
demonstrated the utility of inverted OPV devices with graphene cathodes [74], though
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Figure 4.1: Image of a graphene device which shows the vertical ITO anode and
the completed device. The OPV device is highly transparent. Adapted from 4.1.
Copyright Applied Physics Letters, 2011.
not with a laminated top electrode. We targeted three improvements to these initial
graphene cathode lamination studies. First, we will increase the low fill factor by
decreasing the series resistance of graphene anodes. Second, we will remove the PDMS
stamp after graphene transfer. Third, we will demonstrate this transfer technique on
other organic electronic devices, such as OLEDs and FETs. Our graphene transfer
method is more robust and has wider applicability with organic optoelectronic devices
than previous transfer methods.
Typical methods to transfer large-area films of graphene synthesized by chemical
vapor deposition on metal catalysts are not suitable for organic thin-films, limit-
ing possible architectures which integrate graphene into organic optoelectronic de-
vices. This chapter explores a process for high-quality graphene transfer onto chemi-
cally sensitive, weakly interacting organic semiconductor thin-films. To demonstrate
our transfer method’s compatibility with organic semiconductors, we fabricate three
classes of organic electronic devices: field effect transistors without high temperature
annealing, transparent organic light-emitting diodes, and transparent small-molecule
organic photovoltaic devices.
A widely studied graphene transfer method is a polymer transfer method, in
which graphene is coated in an intermediate polymer (like poly-methylmethacrylate
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(PMMA)) to provide mechanical support. [157–160] Polymer transfer methods in-
clude a combination of solvent, water, etching and annealing steps during processing
and post-processing that are incompatible with organic semiconductors.
Another graphene transfer method attaches graphene to a semi-rigid elastomeric
PDMS stamp which provides mechanical support and improved pick-and-place control
when stamping onto the destination substrate. [58] The PDMS stamp transfer method
fails on organic thin-films because graphene tends to adhere to the stamp rather than
the low surface energy organic films when the stamp is pulled away. [161] Recent
investigations added functional interlayers such as graphene oxide and PEDOT:PSS to
increase the surface energy of organic thin-films, which improves graphene adhesion.
[162,163]
Both polymer support and PDMS transfer methods can leave resist or uncured
siloxane residue on the transferred graphene. Transfer residue can negatively affect
device performance, increase the graphene contact resistance [164], and decrease flex-
ibility of graphene films. Song et al. introduced a solution to the adhesion and
cleanliness problem by coating PDMS with a set of novel polymer release layers [165].
Song used this transfer method to transfer graphene onto insulating organic materials
for gated FETs and capacitors. However, no study has yet demonstrated transfer of
graphene onto active organic semiconductors, as is necessary for OLED and OPV
devices.
In this chapter, we describe a process for transfer of single-layer, CVD-grown,
graphene onto organic semiconductor thin-film devices, enabling the use of graphene
as a transparent top electrode for all organic optoelectronic devices. The transfer
process incorporates an elastomeric stamp with a heavily fluorinated orthogonal pho-
toresist release layer. The orthogonal photoresist release layer and residue are sub-
sequently removed post-transfer with orthogonal solvents. The transferred graphene
film may be stacked to improve electrode conductivity, and is clean enough to be
directly contacted as an electrode or inserted as a recombination layer for multijunc-
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tion organic devices. [166] These experiments demonstrate the potential of hybrid
graphene/organic devices in which graphene is transferred directly onto underlying
organic structures.
4.1.1 Orthogonal Processing of Organic Semiconductors
One major advantage of organic electronics fabrication is the potential for high-
volume, low-temperature solution processing. In this strategy, the organic material
is delivered in a solvent. The advantage to this approach can also be a disadvantage
because many of the solvents commonly used in cleaning and photolithography can
adversely affect organic materials. In this section we very briefly review solvent chem-
istry and discuss a selection of investigations on solvent compatibility with organic
materials.
The two extremes of solubility are miscibility and orthogonality. A common chem-
istry rule is that “like [materials] dissolves like [materials]”. For example, polar sol-
vents are often good solvents for polar molecules. There are three types of solvents:
oxygenated solvents, hydrocarbon solvents, and halogenated solvents. Oxygenated
solvents are ketones, glycol ethers and alcohols. Examples of oxygenated solvents
are acetone, isopropyl alcohol, and methanol. Hydrocarbon solvents include aromatic
and aliphatic hydrocarbons. Examples of hydrocarbon solvents are decane, toluene,
and xylene. Halogenated solvents have halogens (e.g. chlorobenzene). Polar solvents
contain polar molecules which have a mostly positive charge on one side and a mostly
negative charge on the other side. The positive end can attract the negative end of
another molecule. Water is polar because the oxygen side is negative while hydro-
gen is positive. In non-polar bonding the molecules share electrons. Many solvents,
including common oxygenated solvents used during fabrication, can degrade organic
materials.
A major challenge in organic electronic fabrication is the ability to perform chem-
ical processing on organic materials. Examples of processes complicated by solvent
CHAPTER 4. GRAPHENE ELECTRODES ON ORGANIC THIN-FILM
DEVICES VIA ORTHOGONAL CHEMISTRY 80
incompatibility are cleaning, additional film deposition by spin casting, and pattern-
ing by lithography. To adapt these processes, we need orthogonal solvents that do not
affect common organic materials. By using solvents of the opposite polarity of under-
lying films, multiple solution-processed organic layers can be deposited. In a study
by Zakhidov et al., fluorinated solvents were used that only solubilize fluorinated or-
ganics. [167] In [168], the authors used fluorinated solvents with a highly fluorinated
photoresist to perform UV and electron beam lithography at sub-micron resolutions.
In this study, PEDOT:PSS contacts were patterned for a bottom-contact OFET,
which is normally difficult to achieve as PEDOT:PSS is hydrophilic and incompati-
ble with lithography processing chemicals. Lee et al. synthesized heavily fluorinated
electroluminescent organic films that are patterned with traditional photoresists. [169]
Traditional photoresists are orthogonal to the highly fluorinated organic molecules.
The difficulty discussed in this study is synthesizing a heavily fluorinated polymer
which is also an efficient light emitter. The same group later demonstrated a full
set of RGB emitters that are highly fluorinated so can be patterned using traditional
lithography materials. [170]
Machui et al. reported on the solvent compatibility of the widely-used OPV or-
ganic semiconductors P3HT and PCBM. [171] In a study of solution processed OPV
devices, Ayzner et al. found that dichlorobenzene and dichloromethane were suffi-
ciently orthogonal to spin bilayer P3HT and PCBM films on top of each other without
affecting the underlying films. [172] By engineering the orthogonality of organic ma-
terials and solvents, we enable the use of fluorinated resists as polymer release layers
during graphene transfer.
4.1.2 Transfer Process
We transfer graphene via an elastomeric polydimethylsiloxane (PDMS) stamp treated
with OSCoR fluorinated photoresist manufactured by Orthogonal, Inc. A schematic
of this process is depicted in Figure 4.2a. We manage the material compatibility and
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Figure 4.2: (a) Schematic of the fabrication of a transfer stamp, above, and graphene
transfer onto a substrate, below. (b) Sample molecular structure for a hydrofluo-
roether solvent (Novec
TM
Engineered Fluid 7500 shown). [167] (c) Molecular struc-
ture of a fluorinated copolymer photoresist consisting of 1H,1H,2H,2H-perfluorodecyl
methacrylate (FDMA) and tert-butyl methacrylate (TBMA)). [173]
surface energy problem by using fl-resist orthogonal chemistry. Orthogonal chemistry
allows us to control the miscibility of organics in solvents; miscible materials mix
homogenously while orthogonal materials remain heterogenous when mixed. Most
oleophilic and hydrophilic organic materials are miscible or will degrade in the pres-
ence of aromatic and halogenated solvents. [174,175] The heavily fluorinated photore-
sist release layer and solvents do not dissolve or infiltrate the structures of organic
semiconductors because they are orthogonal.
Preparation of Chemical Vapor Deposition Graphene films: Large-area films of
graphene were grown using chemical vapor deposition (CVD) processes on copper
foil. The complete synthesis is reported in the supporting information of a previous
study. [69] We will briefly summarize the synthesis process here: Large-grain graphene
was grown by low-pressure CVD using methane as a carbon feedstock. The graphene
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was grown on the surface of 25 µm copper foil. The copper was annealed at 1 mTorr
at 1030◦C under a hydrogen background for 15 minutes. Graphene was grown at 10
mTorr and 1000◦C by flowing methane and hydrogen over the foil. Following growth,
the sample was cooled under a flow of methane and hydrogen.
The parylene-c is a conformal CVD process which passivates the PDMS sur-
face and prevents silicone contamination transfer to the graphene. [176] We prepare
PDMS stamps by mixing Sylgard 184 PDMS (Dow Corning) as instructed, vacuum
degassing the mixture, and curing in a 80◦C oven for 1 hour. Afterwards, we coat the
stamps with approximately 450 nm of parylene-c. Parylene-c was deposited in a Spe-
cialty Coating Systems Labcoter. PDMS/parylene-c stamps were then spin-coated
with Orthogonal fl-resist to a thickness of 450 nm. Orthogonal fl-resist contains a
fluorinated copolymer based on 1H,1H,2H,2H-perfluorodecyl methacrylate (FDMA)
and tert-butyl methacrylate (TBMA)), shown in Figure 4.2c, which has previously
demonstrated compatibility with organic semiconductors. [167, 173, 177, 178] CVD
graphene films on copper foil were cut with scissors and placed graphene-side down
on the PDMS/parylene-c/fl-resist stamp. To adhere the graphene/copper foil to
the stamps without mechanical damage, we placed the graphene/copper foil onto
the transfer stamp while uniform downward pressure was applied by a glass-backed
PDMS stamp covered with the non-adhesive side of Scotch R© MagicTM Tape (3M).
The non-adhesive side of scotch tape does not adhere to the graphene/copper foil or
the PDMS/parylene-c/fl-resist stamp. Stamps with graphene/copper foil attached
are shown in Figure 4.3. The PDMS/parylene-c/fl-resist/graphene stamp is floated
in ferric chloride for approximetally 20 minutes to etch away the copper foil. After
copper etching the stamp is rinsed in DI water, blown dry with N2, and left overnight
to dry.
It was previously difficult to transfer graphene from stamps onto organic ma-
terials because organic thin-films have low surface energies due to van der Waals
bonding. [165] We found that thermal release tape [162] did not create a sufficient
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Figure 4.3: Photograph of CVD graphene on copper foils adhered to the top of
PDMS/parylene-c/fl-resist stamps, before the copper foil is etched in ferric chloride.
Each stamp has three graphene strips that are approximately 2 by 15 mm.
difference in surface energy to adhere graphene directly to low energy organic thin-
films. The fl-resist modifies the surface adhesion of the PDMS stamp so graphene
preferentially adheres to the destination substrate (an organic thin-film). We place
the transfer stamp onto the organic thin films previously deposited onto a substrate
(Figure 4.2a) and apply light pressure while heating the substrate to 50◦C to promote
adhesion between the graphene stamp and the substrate. After 30 seconds the stamp
is lifted away from the surface, which leaves a single layer of graphene. Residual fl-
resist is removed by three subsequent spray/puddle spin cleans using the Orthogonal
photoresist stripper. The photoresist stripper contains an orthogonal solvent from
the 3M Novec family of hydrofluoroethers (example shown in Figure 4.2b). We com-
plete the fl-resist-transfer process by spinning the substrate to remove any residual
stripper. The transfer process may be repeated to transfer additional graphene films.
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Figure 4.4: (a) Optical microscope image of fl-resist-transferred graphene on SiO2.
Inset photograph of graphene transferred to a SiO2 chip. (b) SEM micrograph of fl-
resist-transferred graphene on SiO2. (c) 5 by 5 µm AFM scan of fl-resist-transferred
graphene on SiO2. The height scale is 5 nm. The RMS roughness is 0.526 nm within
the 1.5 by 1.5 µm inset box. (d) Raman shift of fl-resist-transferred graphene on
SiO2. (e) Spatially resolved scan of G-Peak position of fl-resist-transferred graphene
on SiO2, 50 by 40 µm. The color scale bar shows the estimated doping in eV and
the G-Peak position shift. (f) Spatially resolved scan of the ratio of D-band (1350
cm−1) to G-band intensity of fl-resist-transferred graphene on SiO2. The color scale
bar shows the magnitude of the intensity ratio, from 0 to 0.5.
4.1.3 Graphene Characterization
Measurement and Characterization: We recorded SEM images in a Hitachi S-4700
field emission scanning electron microscope operated at 2 kV. We obtained AFM
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images in a Dimension Icon which was operated in tapping mode. We performed
Raman spectroscopy with a Renishaw inVia Raman Microscope using a 532 nm laser.
The resolution of spatial Raman images is 500 nm.
We transferred graphene films up to 1 cm2 in area onto 300 nm SiO2/Si substrates,
as shown in Figure 4.4a. We inspected these films using scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Figure 4.4b shows an SEM micrograph
of fl-resist-transferred graphene on silicon. The graphene film has no rips or tears
and minimal wrinkles and particulate residue. The AFM scan in Figure 4.4c shows
few wrinkles, rips and tears with no cracks particulate residue. The graphene RMS
roughness is 0.526 nm over the 1.5 by 1.5 µm inset area. The thin, uniform layer of
resist residue is comparable to the residue left on graphene transferred with PMMA
mechanical support after high-temperature vacuum annealing. [179]
We inspected the fl-resist-transferred graphene films using Raman spectroscopy
and confirmed that the graphene is continuous with a low defect density. We trans-
ferred graphene onto SiO2/Si substrates and measured the Raman shift, shown in
Figure 4.4d. The small D-peak of transferred graphene at 1352.5 cm−2 demonstrates
that the transfer process does not induce significant defects. Figure 4.4e shows the
spatially resolved G-Peak position over a 50 by 40 µm area. The G-Peak consistency
shows that the graphene film is continuous. The residual fl-resist causes 0.2-0.3 eV
of doping, as extracted from the G-Peak shift. [180] Figure 4.4f shows the spatially
resolved ratio of D-band to G-band intensity. The D-band to G-band ratio is less
than 0.1 across the entire scanned area, which indicates that the defect density is
low.
4.1.4 SEM and Raman of Fl-transferred Graphene
We evaluated graphene transferred onto organic thin films with Raman spectroscopy
and Scanning Electron Microscopy (SEM). We first deposited the small-molecule
organic, 2,2’,2”-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole (TPBi) on ITO-
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Figure 4.5: (a) SEM micrograph of fl-transferred graphene on TPBi, an organic
semiconductor film. (b) SEM micrograph of PMMA-transferred graphene on SiO2.
(c) Background corrected Raman spectrum of fl-transferred graphene on TPBi (d)
Spatially resolved scan of G-Peak position of PMMA-transferred graphene on SiO2.
The color scale bar shows doping estimate in eV and peak position shift.
coated glass at 1.0 Å sec−1 to a thickness of 40 nm. TPBi is a common hole blocking
material in OPVs and electron transport material in OLEDs. Figure 4.5a shows an
SEM micrograph of graphene transferred onto an organic thin-film of TPBi. The
film of graphene transferred via fl-resist is similar to traditional PMMA-transferred
graphene which is shown in Figure 4.5b. The fl-transfer method leaves less residue
and particulate on the surface than PMMA transfer.
Graphene transferred onto Si using traditionally PMMA methods was analyzed
with Raman spectroscopy. Figure 4.5d shows the spatially resolved G-Peak scan of
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PMMA-transferred graphene over a 16 by 14 µm area. The residual PMMA resist
causes 0.3-0.4 eV of doping, about 0.1 eV more than with the fl-resist. The PMMA
transferred graphene was rinsed with dichloromethane and acetone before measure-
ment. Graphene transferred onto TPBi was analyzed via Raman Spectroscopy. The
presence of a strong signal from the G and 2D peaks, located at 1590.54 cm−2 and
2683.0 cm−2 respectively, indicate that graphene is successfully transferred by fl-
method onto organic small-molecule substrates. [181,182] The fl-transferred graphene
on the organic thin-film has the expected peak positions, relative heights, and full-
width half-maximums (FWHM) that are expected as seen in the measured Raman
spectra of graphene transferred onto SiO2, via the same process, shown in Figure
4.4d. Deviations between graphene on SiO2 and TPBi are a result of small levels
of doping, [180, 183] and/or strain, [184] while the more significant difference in the
2D peak between our fl-transferred films and typical values indicate some areas of
2-layer graphene. The close agreement of Raman spectra between silicon and TPBi




We fabricated graphene field effect transistors (GFETs) by orthogonal fl-resist trans-
fer which perform as well as other CVD-grown polymer-transfer GFETs. The GFETs,
shown in Figure 4.6a, exhibit a Dirac point at 21 V and hole mobilities of µh =
400cm2V −1s−1 at room temperature. While the GFET mobilities are 1-2 orders of
magnitude lower than the best CVD-graphene GFET mobilities, [61, 69] the fl-resist
transfer GFET fabrication does not require annealing to clean the graphene or sol-
vents with the exception of the Orthogonal photoresist stripper. We attribute the
larger Dirac points to impurity doping and contamination induced by the transfer
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Figure 4.6: (a) GFET source-drain current. Inset: Photograph of four GFET de-
vices on an SiO2 chip. (b) Photograph of graphene laminated cathode OLED with
a 2 x 4 mm active area. Inset: OLED device structure. (c) Radiance of graphene-
laminated cathode OLED vs. control OLED. (d) J-V curves of control OPV with
aluminum cathode vs. graphene-laminated cathode OLED. (e) Digital camera pho-
tograph of graphene OPV device. A red outline and digitally altered color balance
increase visibility of the graphene cathode. Inset: OPV device structure.
process, which have been found in previous GFET studies. [185–187]
Transistor fabrication: Single layer graphene previously grown on 25 µm copper
foils (99.999%) was spin coated with fluorinated resist and etched by oxygen plasma
in order to remove any unwanted graphene from the back of the copper substrate.
PDMS stamps were cut into small pieces (1 cm x 1 cm) in order to attach on top of the
copper/graphene/fl-resist stack as a supporting layer. The graphene/PDMS stamp
was etched in ammonium persulfate (Transene APS-100) for five hours to remove
CHAPTER 4. GRAPHENE ELECTRODES ON ORGANIC THIN-FILM
DEVICES VIA ORTHOGONAL CHEMISTRY 89
copper from the backside. After etching, the remaining graphene/fl-resist/PDMS
stamp was rinsed thoroughly with DI water and dried overnight before transfer to
the target substrate. The target substrate, 300 nm SiO2 on silicon, was cleaned in pi-
ranha solution, rinsed in DI water and dried. The graphene/fl-resist/PDMS stack was
placed face-down on top of the wafer, on an 80◦C hot plate. After stamp removal, the
silicon/graphene/fl-resist sample was rinsed with fluorinated stripper. We used ther-
mal physical vapor deposition to deposit Cr/Au (5 nm / 45 nm) source/drain contacts
using a shadow mask. The transistor geometry has a W/L=20 (2000 µm/100 µm).
Electrical characterization of the fabricated devices was performed with a Keithley
4200 parameter analyzer. All electrical measurements were performed at atmosphere
and room temperature using three needle probes.
4.2.2 Graphene OLED
We demonstrated the compatibility and conductivity of transferred graphene by fab-
ricating organic light emitting diode (OLED) devices with an fl-resist-transferred
graphene cathode. We deposited the OLED thin-films onto ITO glass and used the
fl-resist transfer method to laminate a graphene cathode on top of the organic thin-
films. The graphene OLED structure is shown in the inset of Figure 4.6b. Graphene
has previously been incorporated in OLED as bottom electrodes [59, 62], but has
never been integrated as a top-electrode because there was no compatible process to
transfer graphene onto underlying organic layers. The fl-resist transfer enables the use
of graphene as a laminated electrode, expanding on the previous options of thermally
deposited metals or sputtered indium tin oxide (ITO). Figure 4.6b shows a photo-
graph of the graphene OLED. The transparency of the device is directly attributable
to graphene, which transmits ∼97.7% white light, in conjunction with a transpar-
ent ITO anode. [60] Figure 4.6c shows the radiance of the graphene OLED device
compared to the control OLED device. The graphene OLED requires a higher turn-
on voltage than the control OLED due to a low shunt resistance and work function
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Figure 4.7: The current-voltage characteristics of OLED devices with graphene and
magnesium-silver cathodes.
mismatch; the control Mg:Ag cathode has a better match to the Lowest Unoccupied
Molecular Orbital (LUMO) energy level of the TPBi electron transporting material.
As a result, the graphene OLED requires a higher current density before voltage can
drop over the diode. The performance of the graphene OLED device may potentially
be improved by decreasing the graphene work function, increasing the shunt resis-
tance by reducing parasitic conduction, and decreasing graphene sheet resistance by
using additional graphene layers. [61,188]
Figure 4.7 shows the Current-Voltage characteristics of the graphene OLED device
in comparison to a control device with a magnesium-silver cathode. The graphene
OLED has a lower shunt resistance than the control device due to current pass-
ing through shorts between the graphene cathode and formation of a parasitic PE-
DOT:PSS anode. We estimate the sheet resistance of a two-layer graphene electrode
to be 100 Ω −1, based on a previous measurement of sheet resistance as a func-
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tion of number of graphene layers. [61] We estimate the sheet resistance of the 80
nm MgAg cathode to be 0.3 Ω −1. The series resistance of the graphene OLED is
higher because the sheet resistance of the graphene cathode is higher.
OLED fabrication: OLED devices were evaporated on pre-patterned ITO sub-
strates (LumTec) with 9-15 Ω −1. Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) (HC Stark) was filtered with 0.45 µm syringe filters and spin-coated
on cleaned substrates at 3000 rpm to a thickness of approximately 80 nm. All films
are subsequently annealed at 120◦C for 1 hour. Following PEDOT:PSS deposition
the substrates were taken into the N2 glovebox. The OLED consists of 50 nm of N,N’-
Bis(3-methylphenyl)-N,N’-diphenyl-9,9-spirobifluorene-2,7-diamine (Spiro-TPD, LumTec),
40 nm of Tris(8-hydroxyquinolinato)aluminium (AlQ3, LumTec), 30 nm of 2,2’,2”-
(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi, LumTec) and a cath-
ode. Control devices have a 50 nm 10:1 Mg:Ag plus 25 nm Ag cathode. All OLED
devices were kept in nitrogen for the duration of the experiment. OLED devices were
driven by a Keithley 2602 sourcemeter and current-voltage data was collected. We
measured radiance with a calibrated Newport 818 photodetector. The OLED peak
emission is approximately 530 nm, as measured with an Ocean Optics USB4000 Fiber
Optic Spectrometer.
4.2.3 Graphene OPV
We also fabricated semitransparent organic photovoltaic (OPV) devices with top-
laminated graphene cathodes. OPV devices are typically fabricated with opaque
metal electrodes such as aluminum, but have recently shown integration of graphene.
[156, 163] We used the fl-resist transfer process to successively laminate two layers
of graphene onto a SubPc/C60 small-molecule, vacuum-deposited OPV device on an
ITO/glass substrate. The OPV device structure is shown in the inset of Figure 4.6e.
The control devices have an identical device structure with an aluminum cathode in
place of graphene. The graphene OPV device has a power conversion efficiency of
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Cathode Type Voc [V] Jsc [mA cm
−2] FF [%] ηp [%]
Laminated graphene 0.89 1.57 23 0.31
Aluminum 1.09 3.00 48 1.51
Table 4.1: Performance characteristics of OPV devices made with fl-resist-
transferred graphene cathodes and aluminum cathodes.
0.31% and similar open-circuit voltage to the control device, shown in Figure 4.6d and
Table 4.1. The graphene OPV has lower short-circuit current than the control device
because it lacks a reflecting cathode, which decreases optical absorption 4.6e. The I-V
curve of the graphene OPV device exhibits an S-shape, which occurs because the work
function of graphene is too high to efficiently extract electrons. [189] The performance
of the graphene device may potentially be improved by decreasing the graphene work
function and decreasing the sheet resistance by using additional graphene layers. [61]
OPV fabrication: The OPV devices were evaporated on pre-patterned ITO sub-
strates (LumTec) with 9-15 Ω −1. The OPV consists of a 10 nm MoO3 (molyb-
denum oxide) hole injection layer, 20 nm boron subphthalocyanine chloride (SubPc)
electron donor, 40 nm C60 electron acceptor, 10 nm TPBi (2,2’,2”-(1,3,5-benzinetriyl)-
tris(1-phenyl-1-H-benzimidazole)) exciton blocking layer, and cathode. For graphene
devices the cathode is two stamped monolayers of graphene transferred using the
fl-resist process. Control devices have a 100 nm aluminum cathode. All depositions
were performed at 1.0 Å sec−1 at less than 2·10−6 Torr. The graphene device area was
2.58 mm2 while the control device area was 1 mm2. The illumination of the control
device was from the bottom (through the ITO anode) while the illumination of the
graphene device was from the top (through the graphene cathode). J-V characteriza-
tion is performed using a Keithley 2400 source meter and a Newport solar simulator
with an AM1.5 global tilt filter in a N2 environment.
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4.3 Conclusion
We successfully transferred graphene to organic thin-films via a modified PDMS
stamp with an OSCoR orthogonal photoresist release layer. Raman spectroscopy
indicates that the transferred graphene is high-quality, while SEM and AFM micro-
graphs show a smooth surface morphology and low residual resist. We demonstrated
that the OSCoR orthogonal photoresist transfer technique produces continuous, high-
quality graphene by fabricating GFETs. We fabricated OLED and OPV devices to
demonstrate the compatibility of our technique with organic thin-films. As the quality
of CVD graphene improves, this transfer process may advance large-scale, graphene
transfer to organic substrates to enable commercialization of flexible, semitransparent
OLEDs and OPVs with graphene. This novel transfer technique potentially enables
new hybrid organic-graphene device structures, such as tandem OPVs and all-carbon
organic optoelectronic devices with no metal electrodes.
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Chapter 5
Conclusions and Future Work
The field of organic electronics is driven by the desire to enable new functionality at
low cost to increase the penetration of electronic devices. In order for organic elec-
tronics to be commercially viable, they must demonstrate high performance, increased
stability, and integration with high-volume manufacturing techniques. Organic pho-
tovoltaic devices do not currently match the stability and performance of existing
photovoltaic technologies. Processing techniques for organic photovoltaics and light
emitting diodes must adapt to the low thermal budget and chemical incompatibilities
of organic semiconductor materials. This thesis demonstrates new organic semicon-
ductor device structures and processing techniques which advance the field of organic
electronics towards commercial viability.
We investigated the design of nanostructured electrodes which improve fill factor
performance in organic photovoltaic devices. By designing optimal nanostructured
electrodes, we increased the charge extraction efficiency of OPV devices. The in-
creased charge extraction causes an improvement in power conversion efficiency. This
technique is potentially useful for many organic photovoltaic devices because many
organic semiconductors have low charge carrier mobility, which is one of the root
causes of poor fill factor.
Next, we investigated a general method for maximizing the efficiency of organic
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photovoltaic devices by simultaneously optimizing light absorption and charge carrier
collection. The short exciton diffusion length of many organic semiconductors means
that films must be kept thin in order to efficiently extract charge. Optical absorption
is correlated to film thickness, so thin films absorb less light. By designing surface
nanostructures to trap incoming light, we demonstrate the ability to use thin OPV
films with good charge collection while also increasing absorption. These techniques
increase the efficiency of very thin OPV devices.
We investigated the recently isolated 2-D material graphene as a transparent con-
ducting electrode for organic optoelectronic devices. The integrated of graphene is
especially challenging because many techniques used in its processing are incompati-
ble with organic semiconductor materials. The incompatibility between this electrode
technology and organic materials has hindered the progress of highly transparent, flex-
ible organic optoelectronic devices. We demonstrate a new graphene transfer tech-
nique that allows the direct transfer of graphene onto organic semiconductors. We
showed that this technique can be used to fabricate graphene / organic photovoltaics
and graphene / organic light emitting diodes.
The techniques developed in this thesis have been applied towards several key
organic electronics challenges, with future work planned for each area. We plan
to study OPV nanostructured electrode devices with impedance spectroscopy, an AC
analysis technique which probes internal charge transport to provide more information
than IV curves. We also plan to apply nanostructured electrodes to other third-
generation photovoltaic technologies, such as quantum dot solar cells. We plan to
iterate the design process of our graphene transfer technique to increase the efficiency
of OPV and OLED devices. We also plan to integrated graphene with altered work
functions to improve ohmic device contacts.
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Appendix A
Measurement and Fabrication
A.1 Details of Sample Preparation
A.1.1 Substrates
ITO glass substrates were purchased from Luminescence Technology Corp (Taiwan).
The ITO glass specifications are: a thickness of approximately 120 - 160 nm; a sheet
resistance of approximately 9 - 15 Ω −1; the optical transmission is better than
84% at 550 nm; the RMS roughness is less than 6 nm with maximum roughness of
less than 35 nm. For some devices, we use custom pre-patterned ITO glass from the
manufacturer.
Our standard cleaning process for preparing substrates is the following: substrates
are removed from packaging and visually inspected for defects, scratches, and foreign
material. The substrates are blown with dry N2 to remove any debris. The substrates
are placed in a wafer carrier or chip carrier. First, the substrates are sonicated for
10 minutes in a mild detergent solution. Second, the substrates are sonicated for
10 minutes in DI water. Third, the substrates are sonicated for 10 minutes each
in acetone, isopropanol, and methanol. Finally, the substrates are blown or spun
dry. In many cases the substrates are cleaned for 10 minutes in a UV/Ozone cleaner
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to clean remaining residue or to improve the hydrophobicity of the substrate. ITO
glass, in particular, is exposed to the UV/Ozone cleaner, because this results in a
work function shift which is useful for organic electronic devices. After cleaning the
substrates are ready for device fabrication.
A.1.2 Film Deposition
All organic and metal films were deposited in an Angstrom Engineering thermal
physical vapor deposition system. Organic materials and oxides were deposited from
tungsten baffled box sources with covers and baffles. Metals were deposited from
tungsten folded metal boats. Organic materials were purchased from Luminescence
Technology Corp. (Taiwan) and used without further purification; the materials are
sublimated at the manufacturer.
A.2 Details of Measurements
A.2.1 External Quantum Efficiency
The spectrally resolved photocurrent (EQE) measurements are performed in air using
a chopped monochromator (Newport, Inc.). The monochromator is normalized using
a Newport 818 calibrated photodetector. The Newport photodetector has a factory
calibrated responsivity (A/W). The short-circuit current was measured through a
lock-in amplifier (Stanford Research) with zero applied bias, corresponding to Voc =
0 V. Short-circuit current is converted to short-circuit current density by dividing
by area. EQE equals the number of electrons in the external circuit divided by the
number of incident photons and is defined in the measurement as
EQE(λ) = SR(λ)ḣc/qλ (A.1)
where SR(λ) = Jsc(λ)/Φ(λ). Φ(λ) is the radiance of the monochromator after nor-
malization using the calibrated photodetector.
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A.2.2 Details of OLED efficiency measurements
The OLED radiant efficiency measurements are performed in a N2 glove box in the
dark. The sensor is a Newport 818 calibrated photodetector with a 1 cm diameter sen-
sor. The photodetector current is measured with a Keithley 2602 sourcemeter while
the OLED current-voltage characteristic is simultaneously measured. The OLED de-
vice area is normalized using a 750 µm aperture. The radiant transfer function, from






Where s- terms represent the source and d- terms represent the detector. [190]
A.3 R script for analyzing photovoltaic device data
R is a free and open source software environment for statistical computing and image
analysis. [191] R runs on many Windows, Linux, Mac OS and UNIX-based platforms.
A majority of the figures in this thesis were prepared with R. The following R script,
called opvPLOT, was developed for analyzing and plotting large sets of OPV data.
opvPLOT generates an I-V plot of the measured device data, calculates performance
metrics such as efficiency, fill factor, open-circuit voltage, short-circuit current and
equivalent circuit resistances. The opvPLOT script also generates a dark current
curve for the device. The sample image output is shown in Figure A.1.
#!/usr/bin/Rscr ipt
# OPV performance and graphing s c r i p t
# Jonathan Beck
# jhb2158@columbia . edu
# Columbia Lab f o r Unconventional E l e c t r o n i c s
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Figure A.1: Sample output of the opvPLOT script, developed by the author for
analyzing OPV current-voltage data.
#
# Input f i l e s are dark , l i g h t I−V curves
# Input argument i s the name o f the l i g h t f i l e
# Assumes dark f i l e has the same name
# pass arguments to f i l e
i n p u t f i l e s <− commandArgs(TRUE) [ 1 ]
darkname <− sub ( ” Light ” , ”Dark” , i n p u t f i l e s )
l ightname <− paste ( i n p u t f i l e s )
# load graph f i l e
dark <− read . table ( darkname , header=FALSE)
l i g h t <− read . table ( l ightname , header=FALSE)
# Convert I column o f Dark , Light to mA/cmˆ2
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c e l l A r e a <− 0 .1∗0 .1
l i g h t [ , 2 ] <− l i g h t [ , 2 ] # ∗ (1/ c e l l A r e a ) / 1000
dark [ , 2 ] <− dark [ , 2 ] # ∗ (1/ c e l l A r e a ) / 1000
# OPV performance math
# Find Jsc
# Linear r e g r e s s i o n o f 5 po in t s surrounding V=0
absindex <− abs ( l i g h t )
approxJsc <− which .min( abs index [ , 1 ] )
j s c l i s t <− rbind ( l i g h t [ approxJsc −3 , ] , l i g h t [ approxJsc −2 , ] ,
l i g h t [ approxJsc −1 , ] , l i g h t [ approxJsc , ] , l i g h t [ approxJsc
+1 , ] , l i g h t [ approxJsc +2 , ] , l i g h t [ approxJsc +3 , ] )
Jsc lm <− lm( j s c l i s t [ , 2 ] ˜ j s c l i s t [ , 1 ] )
Jsc lm c o e f f <− Jsc lm$coef f ic ients
Jsc <− Jsc lm c o e f f [ 1 ]
# Find shunt r e s i s t a n c e
# R Shunt <− ( I / V)ˆ−1 ( i n v e r s e s l ope ) around V=0
Rsh s l ope <− Jsc lm c o e f f [ 2 ]
# pr in t ( paste (”R shunt s l ope = ” , Rsh s l ope ) )
R shunt <− (Rsh s l ope )ˆ−1
# pr in t (R shunt )
# Find Voc
a b s l i g h t <− abs ( l i g h t )
approxIntercept <− which .min( a b s l i g h t [ , 2 ] )
v o c l i s t <− rbind ( l i g h t [ approxIntercept −1 , ] , l i g h t [
approxIntercept , ] , l i g h t [ approxIntercept +1 , ] )
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f <− approxfun ( v o c l i s t )
Voc <− uniroot ( f , lower=l i g h t [ approxIntercept −1 ,1] , upper=
l i g h t [ approxInte rcept +1 ,1])$ root
# Find s e r i e s r e s i s t a n c e
# Around Voc where J=0
start <− approxIntercept−4
f i n i s h <− approxIntercept+2
r s l i s t <− ( l i g h t [ start : f i n i s h , ] )
r s lm <− lm( r s l i s t [ , 2 ] ˜ r s l i s t [ , 1 ] )
r s lm c o e f f <− r s lm$coef f ic ients
Rs s l ope <− r s lm c o e f f [ 2 ]
# pr in t ( paste (”R s e r i e s s l ope = ” , Rs s l ope ) )
R s e r i e s <− (Rs s l ope )ˆ−1
# power c a l c u l a t i o n s
power <− l i g h t [ , 1 ] ∗ l i g h t [ , 2 ]
mppJ <− l i g h t [ which .min(power) , 1 ]
mppV <− l i g h t [ which .min(power) , 2 ]
f f <− (mppJ ∗ mppV) / ( Jsc ∗ Voc)
pce <− 100∗(−mppJ∗mppV)/104 #1040 W/mˆ2
# output to PNG f i l e
today <− Sys . Date ( )
output f i l ename <− gsub ( ” Light . txt ” , ”” , i n p u t f i l e s )
png ( f i l ename=paste ( outputf i l ename , ” p l o t ” , format ( today ,
format=”%Y%m%d” ) , ” . png” , sep=”” ) , width =960 , he ight =480)
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# p lo t the graph
par ( mfrow=c ( 1 , 2 ) )
plot ( l i g h t [ , 1 ] , l i g h t [ , 2 ] , type=” l ” , col=” red ” , xlab=” Voltage
(V) ” , ylab=” Current Density (mA cmˆ−2)” , axes=FALSE, lwd
=5, xlim=c (−0.5 ,2) , l a s =1)
l ines ( dark , type=” l ” , col=” black ” , lwd=5)
abline ( Jsc lm c o e f f [ 1 ] , Jsc lm c o e f f [ 2 ] , l t y =3)
abline ( r s lm c o e f f [ 1 ] , r s lm c o e f f [ 2 ] , l t y =4)
# make the graph pre t ty
t i t l e ( main=paste ( i n p u t f i l e s ) )
axis (1 , pos=0.0) #h o r i z o n a t a l
axis (2 , outer=TRUE, pos=0.0) #v e r t i c a l
legend ( ” t o p l e f t ” , c ( paste ( ” E f f i c i e n c y = ” , round( pce , d i g i t s
=3) ) , paste ( ” Jsc = ” , round( Jsc , d i g i t s =3) , ” mA cmˆ−2” ) ,
paste ( ”Voc = ” , round(Voc , d i g i t s =3) , ” V” ) , paste ( ”FF = ”
, round( f f , d i g i t s =3)∗100 , ”%” ) , paste ( ”Area = ” , ce l lArea
, ” cmˆ2” ) , paste ( ”R shunt =” , round(R shunt , d i g i t s =3) , ”
?−cmˆ2” ) , paste ( ”R s e r i e s = ” , round(R s e r i e s , d i g i t s =3) ,
”?−cmˆ2” ) ) , t i t l e=” Performance ” )
# p lo t the l og I−V curve
plot ( dark [ , 1 ] , abs ( dark [ , 2 ] ) , log=”y” , type=” l ” , xl im=c
(−0.5 ,2) , x lab=” Pot en t i a l (V) ” , ylab = ” Current Density [
mA cmˆ−2]” , l a s =1, lwd=5)
t i t l e ( ”Dark Current ” )
graphics . of f ( )
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